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Abstract 
One of the main goals of applied electrostatics engineering is to discover new perspectives 
in a wide range of research areas. Controlling the fluid media through electrostatic forces 
has brought new important scientific and industrial applications. Electric field induced 
flows, or electrohydrodynamics (EHD), have shown promise in the field of fluid 
dynamics. Although numerous EHD applications have been explored and extensively 
studied so far, most of the works are either experimental studies, which are not capable 
to explain the in depth physics of the phenomena, or detailed analytical studies, which are 
not time effective.      The focus of this study is to provide the model that in a reasonable 
computational time is able to give us accurate results in different electric-fluid 
interactions. So, the main goals of this study is to provide a model to simulate all essential 
physical phenomena, applicable in different EHD systems. 
     So, in this thesis, first, a two-dimensional numerical solver is presented for the 
dynamic simulation of the Dielectric Barrier Discharge (DBD) and the Corona Discharge 
(CD) in point to plane configuration. The simulations start with the single-species model 
and the different steps of the numerical technique are tested for this simplified model. 
The ability of the technique to model the expected physical behavior of ions and electric 
field is investigated. The studied physics were implemented in different geometry 
configurations such as wire to plane, wire to wire, and plane to plane geometries. The 
electrostatic field and ionic space charge density due to corona discharge were computed 
by numerically solving Poisson and current continuity equations, using a Finite Element 
method (FEM). The detailed numerical approach and simulation procedure is discussed 
and applied throughout the thesis. Then, the technique is applied to a more complicated 
model in order to address several existing EHD applications. The complicated mutual 
interaction between the three coexisting phenomena of electrostatic field, the charge 
transport, and fluid dynamics, which affect the EHD process, were taken into account in 
all the simulations. Calculations of the gas flow were carried out by solving the Reynolds-
averaged Navier-Stokes (RANS) equations using FEM. The turbulence effect was 
included by using the k-ε model included in commercial COMSOL software. An 
additional source term was added to the gas flow equation to include the effect of the 
electrostatic body force. In all the simulations, the effects of different parameters on the 
 iii 
 
overall performance of the system and its characteristics are investigated. In some cases, 
the simulation results were compared with the existing experimental data published in 
literature. 
Keywords 
Corona discharge, Dielectric barrier discharge, electrohydrodynamics, numerical 
simulation, transient simulation, finite element method, electric field intensity, discharge 
current, charge transport, surface charge accumulation, electrostatic body force, EHD 
pump, active airflow control, boundary layer, velocity profile, drag force. 
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Chapter 1  
1 Introduction  
Diverse applications of EHD have been proposed in different fields of physics and 
engineering. From the electrical engineering point of view, the mechanisms related to the 
corona discharge and dielectric barrier discharge as the driving force of the electric-fluid 
interaction seems to be the main subject of the EHD studies. Thus, in this chapter, the 
corona discharge, the dielectric barrier discharge and a summary of the research on their 
physics and applications are briefly reviewed first. Then, the general concept of the EHD 
phenomenon is described in detail. As a particular application, air pumping through EHD 
effects is reviewed and the models related to EHD pumps are explained. Finally, a review 
of the research regarding the EHD effects associated with boundary layer control is 
presented and the new trend of research in controlling the airflow through electrostatic 
forces is highlighted. Finally, the objectives of the research and the outline of this thesis 
are described. 
1.1 Corona discharge and its applications 
Corona discharge is a high voltage physical phenomenon involving the partial electrical 
breakdown of the gaseous medium between at least two electrodes with significantly 
different radii of curvatures. A so-called corona electrode is a sharp electrode with very 
small radius of curvature, usually supplied with a high electric potential and the other 
electrode is blunt with much larger radius of curvature and is usually grounded [1]. The 
partial electrical discharge, or electric corona discharge, occurs when the strength of the 
electric field near the corona electrode exceeds a certain critical value, but still not enough 
for a complete breakdown or arc. In studying the mechanism of the corona systems it is 
been found that the electric field near the sharp corona electrode is much larger than its 
value at points far from this electrode. Therefore, compared to a spark discharge, only a 
very small part of the gap between the two electrodes becomes ionized and conductive 
during the discharge; this is why corona is called a partial discharge phenomenon. 
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     Corona discharges have been a field of study since the early 20th century as a detrimental 
mode of breakdown in high voltage engineering. The physical laws that govern the 
discharges were studied extensively by Townsend [2], Loeb [3], and Peek [4], both 
theoretically and experimentally. Townsend [2] derived an approximate relationship for 
the voltage-current characteristic of a steady state corona discharge. Peek [4] conducted 
experiments that were mainly concerned with establishing empirical laws to determine the 
corona losses from high voltage conductors. Using electric field distributions in simple 
conductor geometries, he derived the minimum gap distance required to initiate a steady 
state corona and also defined an empirical relationship to obtain the potential required to 
onset the corona in dry air for highly symmetric configurations. 
     These simple configurations form an approximation for more practical configurations 
used in experiments. The semi-empirical Peek’s law defines the minimum electric field on 
the wire surface necessary to initiate the discharge. In 1947, Kaptzov [5] proposed that the 
electric field at the wire surface remains at the value specified by Peek’s onset criterion 
irrespectively of the potential applied on the wire. Kaptzov’s hypothesis is often used in 
simulations of corona discharge [1], [6] since it provides a methodology to avoid the 
reaction chemistry in the ionization zone.  
     Sigmond [7, 8] provided a comprehensive review on the physics of electrical coronas 
and their interaction with surfaces, with some emphasis on phenomena which seem of 
importance for high voltage insulation. Despite the fact that coronas may have unwanted 
effects, especially in electric power transmission by causing power loss, audible noise, 
electromagnetic interference, and ozone generation, they have been used for many years in 
different industrial applications. The main application of corona discharge in engineering 
devices and processes involves the transport of the very small charged particles and ions 
along the trajectories which follow the electric field lines. Examples of areas of engineering 
using this phenomenon are numerous: from cooling of microscale electronic circuits [9], 
to medium range industrial processes of chemical materials [10- 12], to macroscale 
efficient flow control for inner and outer of space aerodynamic applications [13, 14]. 
Different configurations for corona discharge have been investigated by many researchers. 
Corona electrodes typically consist of needles, wires or blades connected to a high voltage 
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power supply. Some examples of different configurations used for generating corona 
discharge are point-to-plane, multipoint-to-plane, wire-to-plane, wire-to-cylinder, wire 
between two planes, and multiwire-to-plane [15 -16]. It has been proved that the electrode 
configuration has a major role in different applications of corona discharge.       
1.1.1 Features of Corona Discharge 
As the electric field near the corona electrode increases, the free electrons existing in gas 
in this area are accelerated due to electric forces. When the accelerated electrons gain 
enough energy, they create an electron-positive ion pair upon their collision with neutral 
gas molecules. The newly generated electrons are accelerated and create more electron-ion 
pairs. Therefore, the number of electrons in the air gap increases exponentially. This 
process is known as the electron avalanche. As the applied voltage increases closer to the 
value of the breakdown voltage of the gas, the ionization process penetrates deeper into the 
air gap and arcing occurs. This is what happens during a lightning strike.       
     The value of the electric potential at which the corona starts is called the corona onset 
voltage. At voltages close to this value, corona current increases proportionally with 
voltage. Above this, the corona current increases more rapidly, approximately as a square 
function of the applied voltage.     
1.1.2 Types of Corona Discharge 
Corona discharge phenomena can be categorized into different types based on the applied 
voltage, electrode configuration, or the polarity of the electric potential supplied to a sharp 
electrode. A corona discharge can be operated in direct current (DC) mode, alternating 
current (AC) mode or in pulsed mode. DC corona discharges can be generated for both 
positive and negative polarity, depending on the whether the positive or negative voltage 
source is applied to the corona electrode. The present research is conducted only for 
positive DC corona discharges and hence this thesis focuses primarily on positive coronas. 
     Generally, if a positive voltage is applied to the corona electrode, positive ions move 
towards the ground plane and electrons and negative ions move towards corona electrode. 
In negative corona on the other hand, the applied voltage and the direction of ions 
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movement is opposite to that of the positive corona case. The physics related to the positive 
and negative corona discharges are somewhat different. The negative coronas mostly 
consist of short pulses of very fast duration, called Trichel pulses, while positive coronas 
are more stable.  
     The processes in a DC positive corona are well understood [17, 18] and illustrated in 
Figure 1.1. In the general electrode configuration this type of corona starts with burst pulse 
corona. This regime consists of random and non-regular current pulses. As voltage 
increases this develops into glow corona, streamer corona and finally spark discharge.[11].  
 
Figure1.1: Model of the positive corona discharge [17] 
     The glow discharge regime has a stable current at a fixed voltage, quiet operation and 
almost no sparking. The streamer regime is unstable, and emits audio and radio noise. It 
creates many thin and short duration current streamers originating from the area near the 
needle. The streamer regime of corona can be described as an incomplete breakdown and 
it is followed by a spark as voltage is further increased [11].           
     In this section the fundamental theory of corona discharges relevant to this research was 
reviewed. The more comprehensive study on the numerical simulation and mathematical 
models of corona discharges is discussed in next chapter.   
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1.2 Dielectric-Barrier Discharges 
Dielectric Barrier Discharge (DBD) is used on a large industrial scale. A prominent feature 
is the simple scalability from small laboratory reactors to large industrial installations with 
megawatt input powers [19]. Industrial applications include ozone generation, pollution 
control, airflow control and surface treatment. Background of the research and the 
discharge physics of dielectric barrier discharges are discussed in this section. 
1.2.1  The History of DBD 
Dielectric-barrier discharges, or simply barrier discharges, have been known for more than 
a century. First experimental investigations were reported by Siemens [20] in the late 19th 
century and were related to the application of DBD to the ozone generation. Siemens 
proposed the name of silent discharge for this phenomenon, which still is frequently used 
in scientific literatures. Ozone formation in DBDs became an important research issue for 
many decades [21]. 
      Later, Warburg conducted a series of investigations on the nature of the silent 
discharge. Most of the researches at the beginning of the 20th century were working on the 
design of industrial ozone generators utilizing DBDs. A significant contribution to 
characterizing the discharge was made by Buss, who found out that breakdown of 
atmospheric-pressure air between planar parallel electrodes covered by dielectrics always 
occurs in a form of large number of tiny short-lived current filaments. More information 
about the nature of the discharge, including the images of these filaments and oscilloscope 
recordings of current and voltage, were collected by a few researchers [22, 23]. Manley 
[24] proposed a method for determining the consumed power in DBDs by using 
voltage/charge figures and derived an equation for dissipated power. Extensive research 
activities employing modern diagnostic and modeling tools started around 1970. Originally 
aimed at a better understanding of the plasma physical processes in industrial ozone 
generation, these research efforts resulted not only in improved ozone generators, but also 
in a number of additional applications of DBD, such as surface modification, pollution 
control and, most recently, in manipulation of the airflow in aerodynamic applications.       
6 
 
1.2.2 The Physics of Dielectric Barrier Discharge  
In many cases the term corona discharge is used in connection with DBD, although most 
authors prefer to use this term only for discharges between bare metal electrodes without 
dielectric. However, both discharges have some common features, for example strong local 
field distortions caused by space charge accumulation. 
     Typical planar DBD configurations are sketched in Figure 1.2. As a consequence of the 
presence of at least one dielectric barrier, these discharges require alternating voltage for 
their operation. The dielectric, being an insulator, cannot pass a DC current. Its dielectric 
constant and thickness, in combination with the time derivative of the applied voltage, 
determine the amount of displacement current that can be passed through the dielectric 
[19]. To generate ionic current in the discharge gap the electric field has to be high enough 
to cause breakdown in the gas. In most applications the dielectric limits the average current 
density in the gas space.  
     Preferred materials for the dielectric barrier are glass or silica glass, in special cases also 
ceramic materials and thin enamel or polymer layers. At very high frequencies the current 
limitation by the dielectric becomes less critical. For this reason DBDs are normally 
operated between line and a few kHz frequencies.  
 
Figure 1.2: Basic dielectric-barrier discharge configurations [19] 
     Figure 3 illustrates the processes that occur in DBD during one cycle of AC voltage. By 
applying an electric field larger than the breakdown field local ionization in the gap occurs. 
By applying a negative voltage (left hand side on Figure 1.3), negative ions accumulate on 
the lower dielectric surface and positive ions accumulate on top one. So, the total electric 
field intensity is a combination of the electric field produced by the voltage source and the 
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field produced by the space charge collected on the dielectric surfaces. As the discharge 
progresses, electric field is reduced until ionization stops and the ionic current in the gas 
falls to zero.  
     When the sign of voltage reverses, the source field reinforces the field of accumulated 
charges. This enhanced field at the beginning of the new half cycle initiates gas ionization 
and a new ionic current, which transfers charge across the cell until the opposing space-
charge field once again, extinguishes gas ionization in the gap [25]. 
     The described choking effect due to the local field reduction depends on the lateral 
extension of the surface discharge, the properties of the dielectric barrier and, of course, on 
the gas properties.   
 
Figure 1.3: Ion transport and choking effect on DBD [28] 
     In next Chapter the detailed mathematical model of the DBD, as well as a 
comprehensive literature review on the numerical modeling is discussed. 
1.3 Electrohydrodynamic pump 
Phenomena that involve the direct conversion of electrical energy into kinetic energy of 
moving fluid are known as electrohydrodynamics (EHD) and have a variety of possible 
applications today. This section contains a literature review of the EHD effects associated 
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with high voltage discharges, from the first observation of the phenomenon to the most 
recent advancements on its mathematical modeling, as well as the proposed new 
applications, such as air pumping and boundary layer control. 
1.3.1 What is EHD? 
The first experiments on the electrohydrodynamic effects were performed long time ago 
by observing a weak wind blowing when holding a charged tube close to a human body 
[26]. Newton was the one who explored this phenomenon thoroughly, and named it as 
electric wind. This terminology was used for centuries; however, nowadays, the term ionic 
wind, or secondary electrohydrodynamic flow, are more common. Later, researchers could 
find some practical application for electric wind [19]. The first qualitative description of 
the phenomenon was proposed by Cavallo [27], who accurately described the physical 
mechanism of electric wind. Significant progress was made several decades later by 
Faraday [28], when he described the electric wind as a process of momentum transfer, 
caused by friction or collision between charged and uncharged gas particles, properly 
identifying the reason behind the movement of the air. However, even though the EHD 
effects had been observed, the scientists simply lacked the knowledge and experimental 
apparatus to fully explain it at that time.  
     Maxwell [29] performed the first qualitative analysis of the electric wind mechanism. 
The first quantitative analysis of the ionic wind was performed by Chattock [30]. He 
derived an experimentally verifiable relationship between pressure and electric current for 
a parallel plane electrode configuration. Later on, Peek [4] published his work focusing on 
dielectric phenomena and provided vast information on corona-related effects and 
mechanisms, which had critical importance to future researchers. Townsend noticed that 
the net mechanical force is generated when the asymmetrical electrodes were connected to 
a high-voltage power source. He published an article predicting that the ionized particles 
(ions) are created by the high-voltage electrode.  
     Interest in EHD phenomena increased during the past decades due to the very promising 
applications in various fields of engineering and science. Two major categories of the 
research in this area are the air pumping and the boundary layer control. 
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1.3.2 EHD pump design and features 
Robinson [31] was the first who proposed the feasibility of designing a functional 
electrostatic blower or EHD pump. By experimentally testing a needle-to-ring electrode 
geometry, he evaluated the conversion efficiency from electrical to mechanical energy via 
corona discharges. Advantages of EHD pumps over mechanical pumps, such as no moving 
parts with a very simple construction and no noise or vibrations during the system 
operation, were clearly highlighted in his work. 
     However, the results of his experiments showed that the efficiency of an electrokinetic 
energy conversion was less than 1%. The low electrokinetic energy conversion efficiency 
beside the ozone generation and electrode corrosion are the main problems of EHD pumps. 
There have been a few experimental studies focused on improving the efficiency of EHD 
pumps. Important work toward this goal was reported in [32], which focused on improving 
the electrical to mechanical energy conversion efficiency of the needle to ring and needle 
to mesh electrode configurations.  
      Later, the research was extended to the cascading designs, consisting of a few 
consecutive stages [33]. Through a parametric study, the authors of this paper found that 
the wind speed is a linear function of the voltage applied to the corona electrode, as well 
as a square root function of the current, multiplied with an empirical constant. As the 
efficiency of EHD pumps is proportional to the velocity of the flow [34], it was also shown 
that cascading EHD pumps increase not only the exit wind velocity of the EHD pump, but 
the overall efficiency of the device as well. Moon et al. [35] later presented a more complex 
needle-to-mesh EHD pump, with the corona electrode surrounded by a ring at the same 
voltage potential. With this design, the research team claimed to have improved the 
efficiency of EHD pump by 2.5 times compared with the simple needle-to-mesh electrode 
design. 
      Furthermore, the researchers tested both positive and negative corona discharges and 
their effect on flow velocity. Study of different configuration for the EHD pump was other 
interesting research area. In [36], the performance of multiple EHD pump geometries were 
experimentally tested using needles as the corona electrodes and several different grounded 
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electrodes. The study gave very useful conclusions regarding the dependence between air 
pressure and the applied voltage. It has been revealed that the radius of the needle is a vital 
factor for the overall performance of the EHD pump.  
     A later study, assessing the effect of the voltage on the wind velocity using a needle-to-
ring electrode configuration, discovered that the EHD pump operated properly with a 
positive voltage applied to the emitter, can reach exit air velocities in excess of 2 m/s [37]. 
Future research by the same author concentrated on further optimization of the design, 
which enhanced the performance of the EHD pump by implanting the collector electrode 
to the tube walls and also explored the performance of a cascading design consisting up to 
seven stages [38].  
      Despite the fact that the needle-to-mesh electrode configuration remained by far the 
most popular for years, during the past decade researchers also began exploring EHD 
pumps based on different electrode configurations. Tsubone et al. performed series of 
experimental investigation over wire-plate type EHD gas pump. In [39] they study the 
effect of grounded electrode location and polarity for a wire-non-parallel plate type EHD 
gas pump. The experiments were conducted for the negative and positive applied voltages. 
This configuration for the EHD gas pump was used to fully explain the mechanism of 
unidirectional EHD generation.  
     However, although the study included very detailed results on the experimental 
investigations, the experimental prototypes doesn’t appear to be optimized and no 
recommendations were discussed how to optimize the electrode configuration.  
1.4 Airflow control by plasma actuators 
The active flow control is of huge importance in the aerodynamic community. Efficient 
flow control systems are capable of manipulating the flow to achieve desired effects, such 
as drag reduction, and mitigating noise and vibration. These applications typically involve 
techniques, such as separation control and laminar to turbulent transition suppression. 
Recently, the introduction of plasma actuators in this field has demonstrated much promise. 
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Plasma based devices exploit the momentum coupling between the surrounding gas and 
plasma to manipulate the flow.  
     Unlike mechanical flow control techniques, plasma actuators require low power 
consumption [40], involve no moving mechanical parts and have a very short response 
time. For these reasons, the plasma actuator has become a very attractive device in 
numerous potential applications. 
     Plasma actuators can be sub-categorized into two major families: the corona discharge 
and the dielectric barrier discharge. The major difference between the DBD and the corona 
discharge actuators is the presence of a dielectric barrier separating the corona and 
grounded electrode in the former configuration. The dielectric barrier introduces a region 
of large electric field, allowing for the application of larger potential differences and thus 
larger electric field intensities in the plasma region. In addition, the presence of the 
dielectric barrier increases the stability of the plasma, preventing a glow to spark transition 
at typical potentials for which this would occur on the surface corona discharge.      
1.4.1 Corona discharge actuator 
Actuation due to corona discharge is typically implemented due to the ignition of the 
plasma through the partial ionization of the surrounding air. This actuator involves the 
placement of two electrodes, both exposed to the air, on the surface of a dielectric separated 
by some distance. Typical corona discharge plasma actuator geometries can be seen in 
Figure 1.4. Applying DC high voltage across the electrodes ignites weakly ionized plasma 
that is capable of inducing flows up to few meters per second [41].  
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Figure 1.4: Various geometries for the corona discharge plasma actuator [41] 
Preliminary research in this field has started in the 1950s. However, the first scientific 
paper was published by Velkoff [42] in 1968. From then up to late 90s, several research 
groups worked on airflow control by DC surface corona discharges, both experimentally 
[43] and theoretically [44]. It could be said that using plasma actuator has considerably 
influenced research on airflow control since few years ago and this subject has been 
growing considerably.  
     Velkoff et al. [42] used a plasma actuator consisting of four HV wire electrodes placed 
above the surface of a flat plate. They demonstrated that the velocity profile on the plate 
could be affected by the application of an electric field. For the same configuration, Malik 
et al. [45] reported an electric wind of several m/s contributing to drag reduction. In 1992, 
Soetomo [46] experimentally observed a drag reduction effect induced by AC and DC 
corona discharges along a flat plate. In this case, the corona discharge was established 
between two razor blades flush-mounted on the wall of a glass flat plate. Noger et al [47] 
used a point to plane configuration in order to manipulate airflow around a cylinder. 
Continuous works have been done on the surface corona based actuator and characterizing 
its electrical and mechanical properties by a group of researchers in France and Argentina 
[48-59]. Their studies focused on using two wire electrodes placed inside a groove at the 
wall surface. The corona electrode diameter was much smaller compared to that of the 
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grounded electrode in order to induce a stronger electric field. The electrical properties of 
this surface discharge as a function of different geometric parameters have been studied. 
The authors demonstrated that the surface discharge is very sensitive to these parameters. 
They found that the major disadvantage of the corona discharge actuators is the glow to 
arc transition that occur at large potential differences. This transition introduces a large 
surge of current towards the anode, effectively creating a short circuit. This problem could 
be solved by DBD plasma actuators. 
1.4.2 Dielectric barrier discharge actuator  
Recently, the most commonly used plasma actuators have been based on the dielectric 
barrier discharge (DBD). A typical configuration of the DBD is shown in Figure 1.5. Many 
parametric studies have been dedicated to investigating the properties of the plasma 
actuator's geometrical parameters. Two electrodes are typically separated by a dielectric 
barrier, usually glass, Kapton or Teflon.  
 
Figure 1.5: Configuration of the Dielectric Barrier Discharge plasma actuator 
     When a high voltage AC signal of sufficient amplitude and frequency is applied 
between the electrodes, the intense electric field partially ionizes the surrounding air 
producing the plasma sheet on the dielectric surface. The collisions between the neutral 
particles and accelerated ions generate a net body force on the surrounding fluid leading to 
the formation of ionic wind. The body force can be used to impart the desired flow control. 
The momentum coupling of the plasma and fluid induces an initial vortex that propagates 
downstream. This can be observed through the PIV measurements reported by Post et al. 
[60]. This result confirms that the plasma actuator eventually evolves into a wall-jet 
directed in the downstream direction. 
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     Currently, the design of plasma actuators has primarily been focused towards the 
optimization of the momentum-air coupling for maximizing the induced flow. This has 
been accomplished through a variety of techniques from geometrical modifications to 
waveform optimization, incorporating a large set of variables that contribute to the 
performance of the plasma actuator. These variables are primarily divided into two 
categories: the geometrical parameters and the electrical operating conditions. 
     The geometrical parameters define the placement of the electrodes around the dielectric 
barrier. These include the electrode gap, electrode thickness, electrode width and span 
length, as well as the dielectric thickness. In a typical application, these parameters are 
fixed and are not typically controlled in real-time. One of the key parameters that has a 
significant influence on the induced flow is the thickness of the exposed electrode. Enloe 
et al. [61] were the first to investigate the effect of this parameter. They used two sets of 
actuators that differ in exposed electrode shape. They found that despite the fact that the 
two exposed electrode were different, the structure of the plasma remained unchanged in 
all cases. However, they further observed that the efficiency of the plasma actuator is 
strongly dependent on the thickness and diameter of the exposed electrode.  
     Hoskinson et al. [62] investigated the effect of the electrode thickness of the plasma 
actuator using a stagnation probe. In addition to this, three different materials were 
investigated for the exposed electrode. The results presented in this paper have suggested 
that changing the dielectric material has little effect on the induced force for the exposed 
electrode.  
     Another important geometrical parameter of the plasma actuator is the width of the 
encapsulated electrode. As observed by Enloe et al. [61], and Orlov et al. [63], the extent 
of the plasma was limited by the width of the encapsulated electrode and it would not be 
generated more than a few millimetres past the trailing edge. Similar results were also 
observed by Forte et al. [64] in a different plasma actuator configuration.  
     Finally, the electrode separation gap also plays a significant role in the optimization of 
the plasma actuator. This parameter governs the chord distance between the trailing edge 
of the exposed electrode and leading edge of the encapsulated electrode. Forte et al. [64] 
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studied the effects of this parameter on the maximum induced velocity. These results 
indicated that there is a fine balance between maximizing the electric field intensity with a 
small gap width and creating tangentially oriented force vectors with a larger gap width. 
However, there is no reason to believe that this result is universal to all actuator geometries 
and operating conditions. Thus, more studies must be performed on the effects of actuator 
gap on the performance of the actuator in different configurations. 
     The electrical parameters of the plasma actuators are the most important for the 
boundary layer control. These parameters include the applied voltage and frequency. The 
applied voltage is directly responsible for the strength of the electric field and, thus, the 
magnitude of the induced flow. Since the charges are constantly rearranged to cancel out 
the external electric field, a varying voltage is required to maintain plasma ignition. Finally, 
the driving frequency controls the number of times the plasma is ignited within a specific 
time period. Investigations into the effect of the applied voltage have been performed by 
various studies including Enloe et al. [61], Forte et al. [64] and Thomas et al. [65].  
     Plasma actuator models can be generally classified to belong to one of two families, 
defined by the method in which the charge density is calculated. The first consists of 
chemistry based models that attempt to spatially resolve the plasma phenomena directly, 
and the second are algebraic models that are based on the solution of Poisson's equation. 
The significant difference between the two is that the latter generally require assumptions 
on the behaviour of either the charge density or electric field intensity produced by the 
actuator. The chemistry based method typically consists of drift-diffusion type models [66]. 
These models track the chemical species present in the plasma, such as electrons and ions, 
using a set of transport equations. Using empirically found relationships, essential features 
such as ionization and recombination are modeled. Generally speaking, these models are 
capable of accurately resolving and predicting the plasma phenomena that occur with 
plasma actuator operation. The most sophisticated chemistry model that applies to the 
plasma actuator is the model proposed by Likhanskii et al. [66]. In this model, three 
chemical species are modeled: electrons, positive ions, and negative ions. Although the 
chemistry model proposed by him has the potential to resolve the plasma phenomena 
directly, the computational cost presents a significant limitation in its implementation. 
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Additionally, no investigation has been performed into the solution of this model over 
commonly used kHz frequencies, which would require an extremely large number of 
iterations to complete at the nanosecond time steps were required for numerical stability. 
Because of this, the chemistry based methods are not typically feasible for the design and 
optimization of plasma actuators and thus not particularly useful for simulations of flow 
control. For the above-mentioned reasons, the focus of the present study is on algebraic 
models [67- 69].  
     Based on above introduction the main objectives of this research and the outline of this 
work in order to achieve those goals are as below. 
1.5      Objectives 
The main objectives of this thesis are as follows: 
1) To present a feasible mathematical model for simulating the AC dielectric 
barrier discharge in point-to-plane configuration and a numerical technique 
for solving the model. 
Many researchers have investigated the dielectric barrier discharge experimentally. 
However, because of its very complicated physics very few investigations have been 
devoted to its numerical modeling. The DBD is a very complicated phenomenon for which 
an analytic solution is not available. Also, the governing equations for modelling the 
behaviour of charge carriers are not easily solvable. Therefore, presenting a technique 
which can deal with the nonlinear hyperbolic equations required for modelling this problem 
is very desirable. Meanwhile, most of the presented models use non effective numerical 
algorithm for the highly non uniform phenomenon or dielectric barrier discharge 
phenomenon is approximated by a static or one-dimensional (1D) models. Therefore, 
presenting a model which can accurately predict the physical behaviour of the dielectric 
barrier discharge has still been missing. A single-species model used in this study can be 
useful for some engineering applications, where a simplified model suffices. In this thesis, 
a dynamic, single species, 2D model for predicting the characteristics of the DBD is 
presented. 
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2) To investigate the effect of different parameters of the model on characteristics 
of the dielectric barrier discharge. 
Some of the parameters used in modelling DBD differ widely in the literature and various 
values are used in different papers. Since knowing the effect of these parameters on the 
discharge characteristics is important, the effect of parameters such as voltage level, 
frequency, mobility, and dielectric constant are investigated in this thesis and the 
observations are reported. 
3) To investigate the fundamental characteristics of a non-parallel plate EHD 
pump, using a coupled-physics EHD numerical model taking into account 
charge generation, charge transport, electric field and fluid dynamics. 
 
Although the basic principles of EHD pump operation have been long understood, there 
are relatively few examples of successful designs of practical devices. The works up to 
now have been based either on the experimental investigations of the prototypes or 
simplified numerical techniques. However, several problems, such as the prediction of the 
velocity vs. pressure characteristics have not been investigated. The major goal explored 
in this thesis is the optimization of electrostatic air pumps.  
4) To identify a model for the corona discharge plasma actuator that is capable 
of predicting an accurate flow response for given a set of the actuator 
parameters and operating conditions. 
Due to the large number of variables involved in the design of the plasma actuator 
(electrode width, applied voltage, driving frequency, etc), there is a considerable level of 
complexity that is involved. An accurate model that is capable of predicting the output of 
the actuator under variations in geometry, voltage and frequency can alleviate the current 
trial-and-error design approach that is typically implemented. Furthermore, optimizing the 
performance of the plasma actuator is most easily achieved when the underlying physics is 
understood through an accurate model. The work presented in this study provides a 
systematic study of a plasma actuator. Consequently, variations of voltage and specific 
geometrical parameters are investigated in terms of their effect on the maximum velocity 
output by the plasma actuator.  
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5) To propose a numerical model for the dielectric barrier discharge plasma 
actuator that is capable to actively control the air flow boundary layer. 
Dielectric barrier discharge actuators have shown much promise for active flow control. 
Proper design and optimization of plasma actuators require a model capable of accurately 
predicting the induced flow for a range of geometrical and excitation parameters. A number 
of models have been proposed in the literature, but have primarily been developed on 
geometric and physical characteristics, dependent to specific application or experimental 
results. As one of the main goals of this thesis, the quasi-stationary velocity fluctuation is 
modeled and the solution to minimize this fluctuation was studied.  
1.6 Thesis Outline 
This thesis is divided into seven chapters. A summary of each chapter is as follows. 
Chapter 1: This chapter focuses on explaining the mechanism of corona discharge and 
dielectric barrier discharge in producing the secondary electrohydrodynamic flow. It also 
reviews the history of the corona discharge and dielectric barrier discharge, as well as the 
literature on the electrostatic air movers and plasma actuators, describes the objectives of 
the thesis and outlines the chapters.  
Chapter 2: This chapter's focus is on the numerical techniques proposed for modelling 
corona discharge and dielectric barrier discharge. First, a comprehensive review on the 
numerical techniques used for solving different equations governing corona and DBD is 
presented. Secondly, the numerical techniques selected in this thesis are explained in detail. 
FEM is used for the electric field, charge transport, and fluid flow computations. In this 
chapter, the complete set of equations for modelling the DBD is presented and the solution 
methodology is explained. Moreover, some basic physical characteristics of the discharge 
such as the displacement current and efficiency of the electrokinetic energy conversion 
have been formulated.  
Chapter 3: In this chapter, a numerical algorithm for the dynamic simulation of DBD in 
air, assuming single species charge carriers is proposed. The simulation results show the 
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behaviour of corona current and space charge density under different voltage/ frequency 
combinations. 
Chapter 4: In this chapter, an EHD pump is numerically simulated. The mechanism of its 
operation is explained in detail. Optimized geometry is advised by assuming the maximum 
flow rate as an objective function. The general voltage vs. pressure characteristics of a 
pump was presented.  
Chapter 5: In this chapter, DC corona plasma actuator over a flat plate is numerically 
modeled. This model is fully coupled and capable of solving all the phenomena in one 
solver using the Finite Element Method. Effects of different parameters of the model on 
plasma actuator characteristics are studied. The parameters of interest are: voltage 
magnitude, angle of attack and free stream velocity level. A general formula for calculating 
the total force acting on the air is presented.   
Chapter 6: In this chapter, the numerical results for the DBD plasma actuator are 
presented. Velocity fluctuation is numerically captured as one of the main features of the 
velocity profile. Effect of different parameters such, as corona wire thickness, grounded 
electrode width, voltage and frequency on system performance has been discussed.  
Chapter 7: This chapter summarizes the results presented in the thesis. Some suggestions 
for future studies on this subject are also proposed. 
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Chapter 2  
2 Mathematical Models and Numerical Algorithms in EHD 
Despite the widespread applications of Corona Discharge (CD) and Dielectric Barrier 
Discharge (DBD), many published works just reported the experimental data and there is 
still a huge challenge for a reliable and accurate model, which can be used in the computer 
simulation of these phenomena. Different types of numerical techniques have been used 
by different researchers who have attempted to model CD and DBD. Those numerical 
techniques vary with respect to their applications, the memory requirements, computation 
speed and accuracy. However, there is still no generally stable algorithm regardless of the 
configuration or application for modeling of corona discharge. In this chapter, based on the 
fundamental physics described already, different theoretical and numerical techniques are 
reviewed for modeling CD and DBD problems. Then, a detailed numerical approach and 
simulation procedure, including all the essential physics and valid for arbitrary geometry, 
are presented to predict the characteristics of discharges.  
2.1 Mathematical Models and Numerical Algorithms in 
Electric Corona Simulation 
During the last several decades, many efforts have been made to have a better 
understanding of the electric corona discharge and many theoretical, experimental and 
numerical results have been published. Due to the complexity of the equations governing 
corona discharge, finding analytical solutions for these equations is not possible unless 
some major simplifications are made or the problem geometry is highly symmetric. 
Therefore, numerical simulation is principally the only feasible approach for the corona 
discharge modeling. The use of numerical tools for studying this phenomenon has recently 
reached an advanced degree of development.  
    Studies on numerical modeling of corona discharges are generally divided into two main 
categories, those that simulate the whole process including the ionization zone and those 
that simulate just the drift region. All essential processes, such as ionization, attachment 
and recombination, occur in the ionization zone, a thin layer close to the corona electrode, 
where many different ionic species are generated. Therefore, by studying the reaction 
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chemistry within the ionization zone, predicting the concentrations of various ionic species 
is possible. A full numerical model of the corona discharge in the time domain, including 
all processes in the ionization layer, has been attempted by few authors [1, 2]. A few other 
studies have concentrated on the reaction chemistry within the ionization zone [3, 4]. 
Morrow [5] has solved the continuity equations for electrons, negative ions, positive ions 
coupled with Poisson’s equation in a spherically symmetrical coordinate system for 
concentric-sphere electrodes. Chen and Davidson [6-8] have conducted a series of 
simulations modeling the ionization zone. Their studies comprised of two elements. The 
governing equations were the drift equations for the ions and the drift-diffusion equation 
for the electrons. Diffusion was found to be insignificant in the case of ions and neglected. 
This model was one dimensional in a cylindrical geometry and hence all concentrations 
varied only in the radial direction. Yanallah et al. [9, 10] also conducted simulations of the 
ionization zone using a similar procedure.  
     Although such works can be interesting for detailed study of physical processes, in the 
practical applications they are not useful. Due to its complexity, such an algorithm 
generally leads to very time consuming computations caused by a very fine spatial 
discretization, very irregular dynamics and rapid time variation of some parameters. While 
the whole process is rather complicated, the net effect is that ions, of the same polarity as 
that of the corona electrode, are drifting to the other electrode [11]. Almost all the authors 
interested in engineering applications of the corona discharge completely ignore the 
processes in the ionization layer, which is justified by its small thickness, generally in the 
same order of magnitude as the radius of curvature of corona electrode [12].  
     Many versions of the basic mono-polar corona model exist and they use various 
numerical techniques [13-15]. The fundamental procedure for simulation of a corona 
discharge is similar in all of these studies. The only difference is in the numerical 
techniques used to solve the equations. Most often the numerical algorithm is based on 
back-and-forth iterations for solving electric field and space charge density until 
convergence is reached. 
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     In the early stage of corona research the electric potential was calculated from the Finite 
Difference (FDM) approximation [16]. In this technique, the derivatives in the partial 
differential equations are replaced with finite differences. The whole region is discretized 
and a mesh is formed. The finite difference approximation is then applied to every node of 
a mesh. As a result, the differential equations are transformed to linear algebraic equations. 
The simplicity of this technique is one of the advantages of FDM. However, since this 
technique needs a rectangular mesh, it is difficult to apply FDM to problems with irregular 
computational domains. For problems with complicated geometry, FDM must use a large 
mesh which leads to time consuming calculations. Another disadvantage of this technique 
is that it cannot handle the sharp geometry of the discharge electrode very well [17, 18], 
therefore, using this technique for modeling corona discharge is not recommended. 
     FEM was the next proposed technique, and it eventually became a dominant one, for 
solving Laplace and Poisson equations [19-23]. FEM is based on minimizing the energy 
of the system instead of direct solution of the equations. Therefore, it can determine the 
energy related parameters with a much better accuracy. In order to use FEM, the whole 
domain should be discretized into a set of triangular, quadrilateral or other type of elements 
depending on the problem configuration. A simple matrix equation for each element is then 
obtained, and by assembling these matrix equations, a global set of algebraic equations can 
be formulated. After introducing the boundary conditions, this global set of equations is 
solved to obtain the values of the unknown functions at each node. The advantage of FEM 
over FDM is its ability in solving problems with complicated geometries. It can use 
unstructured grids, which is much more flexible than a structured grids required for FDM, 
as it results in a smaller mesh and makes the calculations less time consuming. By 
increasing the number of elements, or the order of interpolating polynomials in each 
element, accuracy of the technique can be easily improved.     
     Some other authors proposed the Boundary Element Method (BEM) [24] to obtain the 
Laplacian components of electric field intensity. In BEM only the boundaries need to be 
discretized with boundary conditions at infinity naturally satisfied, which reduces the 
number of nodes and, consequently, the size of the algebraic system to be solved. The 
boundary techniques are better suited to strong field gradients, but the main disadvantage 
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of BEM is that it is time consuming for problems with space charge and it is impossible to 
use it for non-linear problems.  
    Finite Volume Method (FVM) is another technique proposed for corona discharge 
problems.  This technique also converts partial differential equations into algebraic 
equations. Similarly to the FDM, values of unknown solution are calculated at discrete 
nodes of a mesh.  In the FVM, the volume integrals in a partial differential equation 
containing divergence terms are converted to surface integrals using the divergence 
theorem. These terms are then evaluated as fluxes at the surfaces of each finite volume. 
Because the flux entering a given volume is identical to that leaving the adjacent volume, 
these methods are conservative. Another advantage of the FVM is that it can be easily 
formulated for both structured and unstructured meshes. This method is used in many 
computational fluid dynamics packages.  
     Each of these techniques has its own advantages and disadvantages and in few cases 
authors have combined different methods in one algorithm. As an example, a combination 
of BEM-FEM was used by Adamiak and Atten [11].  
     The space charge density distribution in corona discharge can be determined from the 
charge continuity equation. The space charge density also depends on the electric field and 
the electric field depends on the space charge. In order to obtain the Poissonian component 
of the electric field with considering charge transport different approaches were presented 
by many researchers. All of the numerical algorithms that have been proposed for the 
simulation of corona discharge can be classified into two groups: simple or hybrid ones. In 
simple algorithms, the same technique is used for the calculation of electric field and space 
charge density while the hybrid techniques use simultaneously two or more numerical 
methods.   
     Adamiak [24] used a combined algorithm using BEM for obtaining the electric potential 
and Method of Characteristics (MoC) technique to determine the charge density 
distribution in the wire-duct configuration. The proposed technique was reliable but time 
consuming. Later, Zhao and Adamiak [25] presented a hybrid technique based on the FEM 
and MoC for the simulation of electric corona discharge. Although this approach proved 
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to have considerable efficiency and speed, interfacing both numerical techniques was 
rather difficult. Davidson et al. [26] used the same hybrid numerical model to predict 
electric field and space charge density in 3D point-to-plane and barbed plate-to-plane 
configurations. Although their results had a good accuracy, the model was very 
complicated. Adamiak and Atten [11] simulated the electrical conditions in point-to-plane 
configuration using a combined BEM-FEM-MoC algorithm, which produced a much 
smoother distribution of the electric field. This technique was based on BEM and FEM 
techniques for obtaining the harmonic and space charge components of the electric field, 
respectively, and on MoC to determine the charge density distribution. Atten et al. [27] 
combined FEM, FVM and MoC for the simulation of electric corona discharge. They used 
FEM for the electric field calculation and the combination of FVM and MoC for the space 
charge density calculations. 
     The above techniques were applied for modeling a steady-state single-species corona 
discharge. Few attempts have been made for modeling transient corona discharge.      Zhang 
and Adamiak [28] proposed a dynamic model for the negative corona discharge in the 
point-plane geometry. They used a hybrid BEM-FEM technique to calculate the electric 
field parameters and MoC for the charge-transport prediction. This model was valid for 
single-species discharge only but successfully simulated the full current waveform under 
different waveforms of the applied voltage: step, square and pulse. Combination of FEM 
with Flux Corrected Transport (FCT) technique is another useful technique for solving 
charge continuity equations. This technique has been proposed by Morrow [29], who 
successfully applied it to solve the charge continuity equation. Sattari et al. [30] applied 
FEM to calculate electric field distribution and the hybrid FEM-FCT technique for the 
space charge density calculations.  
2.2 Literature Review on Mathematical Models for the 
Dielectric Barrier discharge 
In order to have a better insight into DBD phenomena, a study of the different models of 
DBD systems and their basic characteristics is necessary. Barrier discharges can be 
operated in various modes such as diffuse, patterned, and filamentary. Also under certain 
circumstances apparently homogeneous diffuse discharges [31], and regularly spaced glow 
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discharge patterns [32-34] can be observed. A good review of the various modes and terms 
has been presented by Kogelschatz [35]. There have been numerous models developed for 
DBDs in air that include complicated chemistry. These models usually include 20–30 
reaction equations, each with different reaction times and energy outputs. These equations 
account for electron, ion-neutral and neutral-neutral reactions in different gases that are 
present in the air [36, 37]. Font [38] considered the plasma discharge in a 2D asymmetric 
plasma actuator that included only nitrogen and oxygen reactions. With this model, they 
were able to simulate the propagation of a single streamer from the bare electrode to the 
dielectric surface and back. Likhanskii et al. [39] modeled the weakly ionized-air plasma 
as a four-component mixture of neutral molecules, electrons, and positive and negative 
ions that included ionization and recombination processes. Massines et al. [40] developed 
a 1D model for the DBD dynamics based on the numerical solution of the electron and ion 
continuity, and momentum transfer equations coupled to Poisson’s equation. Their model 
predicted the space and time variations in the electric field, and the electron and ion 
densities. The authors accounted for the charge accumulation on the dielectric as the 
discharge develops and derived the voltage boundary conditions for dielectrics by 
considering an equivalent circuit of the gas gap in series with the equivalent capacitor of 
the dielectric. Later, Massines et al. [41] presented a two dimensional analysis for a parallel 
electrode configuration. This study provided a helpful insight for understanding the DBD 
behavior. Paulus et al. [42] developed a 2D model to study the time-dependent evolution 
of the potential and the electric field surrounding dielectric materials by applying a pulse 
voltage. The simulation showed that the charged particles move toward the regions of high 
electric potential, creating high electric field strength near the electrode’s edges. One of the 
latest investigations on modeling of DBD was performed by Shang et al. [43, 44], which 
was based on FDM. The DBD was studied by drift diffusion plasma model including 
Poisson equation. The simulation replicates the self-limiting feature of the DBD for 
preventing transition of the corona to spark and the numerical results somehow match with 
experimental data.  
     Generally speaking, such detailed models can precisely describe all different processes 
involved in DBD. However, they are computationally time-consuming and require 
significant computer resources. Such simulations are not suitable to be a part of a design 
31 
 
tool that would be used in the iterative optimization. Although quite a few articles have 
been published on using DBD in numerous industrial applications [45- 48], but so far no 
reliable and accurate model has been presented in order to interpret the physics of this 
phenomenon in these different applications. Moreover, in many cases optimization 
techniques are required in order to achieve a better system performance. 
2.3 Literature Review on the Numerical Techniques on EHD 
Simulation 
Although utilizing the FEM to model electrostatic problems dates back to 1960s, the 
modeling of high voltage discharges and EHD flows has witness an explosive growth since 
2007, due to advances in computing equipment.  Modern computers have reach required 
capabilities and are able to handle very fine spatial discretization, especially when 
electrodes with curvatures of very small radii are involved.  
The fluid motion generated by corona discharge has been employed by many investigators 
in chemical processing and thermal management of electronic equipment and circuitry [49-
51]. Few authors focused their studies on the theoretical and numerical investigation of the 
EHD flows. Examples of numerical models for EHD based system are found in the 
literature with majority of them appearing in the last several years [52-56]. 
     Studies of basic geometries, such as wire-to-wire [51], cylinder-to-wire-to-plane [52], 
wire-to-cylinder [53] and needle-to-plane [54], were published during the past few decades. 
One of the first models was developed by Mathew et al. [57] for a two-wire-to-duct 
electrode arrangement. The study investigated the airflow enhancement in a duct due to 
EHD generated flows. More recent work has also been focused on EHD flows in channels 
[58-60]. A mathematical model for the needle-to-plate EHD air pump has been developed, 
verified by a parallel experimental study using a needle-to-mesh EHD air pump [61]. Yabe 
et al. [62] investigated the EHD flow produced by the corona discharge in a 2D electrode 
arrangement of a wire-plate system. The results of numerical simulations of the Navier–
Stokes equations were presented.  However, a more detailed analysis of the EHD flow was 
presented by Yamamoto and Velkoff [52]. Their simulation results revealed the interaction 
between EHD flow and main flow. Later, Zhao and Adamiak [25] carried out a 
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fundamental study of the EHD flow in the point-plane geometry, focusing on a more 
rigorous model of the corona discharge. A hybrid algorithm was proposed, which included 
the 2D Finite Element Method (FEM) for the electric potential distribution and the Method 
of Characteristics (MoC) for the charge transport, assuming a single species discharge 
model and laminar flow. A similar approach was used to simulate the air flow pattern in 
the wire-plate electrostatic precipitator, without [63] and with the effect [64] of the particle 
charge. A 2D model has been presented by Feng [65], who investigated the EHD flow 
associated with corona discharge in a rectangular shield. It was shown that the magnitude 
of the flow increases with the size of the collecting electrodes. Chang et al. [66] have 
investigated the mechanism of EHD gas pump in a wire non-parallel plate electrode. A 1D 
model was presented and compared with the experiments for different location of corona 
wire and for both positive and negative applied voltage at atmospheric pressure and room 
temperature, where air was used as the working fluid. The results show that the net flow in 
such configuration significantly depends on the location of the corona wire, relative to the 
grounded electrode. Based on this model, a few experiments were carried out in order to 
visualize the flow patterns, as well as to measure the velocities of the EHD flows using 
PIV technique [67, 68]. 
     In the past decade there has been increasing interest in application of DBD for flow 
control. This seems to be the result of the special characteristics of this technique, such as 
no moving parts with fully electronic control, a fast time response for unsteady 
applications, a very low mass, the efficient conversion of the input power without parasitic 
losses, and the ability to be mounted on a surface without the addition of cavities and holes 
[69]. A model for the body force produced by the plasma on the neutral air was presented 
by Roth et al. [70]. This model was based on a derivation of the forces in gaseous 
dielectrics. It was found that the body force is proportional to the gradient of the squared 
electric field.   
     One of the first suggested models of plasma actuators proposed by Shyy et al. [71], 
where the maximum generated electric field was assumed to be equivalent to that in a 
parallel plate capacitor with an equivalent potential difference across the exposed and 
encapsulated electrodes. A further assumption was imposed suggesting that the electric 
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field decays linearly in the horizontal and vertical directions from its prescribed maximum 
value located at the trailing edge of the exposed electrode. The electric field intensity 
diminished at the trailing edge of the encapsulated electrode and at a prescribed plasma 
height creating a triangular region of plasma generation. There are several disadvantages 
of this model that restrict its generality for all actuator geometries. First, there is no accurate 
solution for the spatial charge density and it was assumed at a constant value. The space 
charge density is an important factor, which affects the volume force intensity and is highly 
dependent on the applied electric field. Therefore, neglecting its spatial variance can have 
a dramatic effect on the overall force distribution and accuracy of the model. The inclusion 
of this parameter is critical since it plays a significant role in the performance of plasma 
actuators as it governs the electric field strength, thereby affecting the ignition of the 
plasma. Despite these shortcomings, the model provides an attractive method for 
calculating the Lorentz force at very small computational cost. Singh [72] used the results 
of the body forces obtained from a first-principle simulation along with empirical 
observations of actuator behavior to develop an approximation for the 2D body-force 
components. This approach makes the calculation of the body force a curve-fitting problem 
that is only valid for a single-actuator configuration. Similar to Shyy et al.’s model, it does 
not include temporal characteristics of the body force and the net body force does not scale 
properly with voltage. A more complicated model was proposed by Suzen et al. [73], which 
involved fewer parameters while at the same time capturing more features of the plasma 
physics. The model is focused on applying Gauss’s law and solving the electric potential 
from Laplace's equation. These authors assumed that the charge density on the dielectric 
surface follows a half-Gaussian distribution with the maximum value matched from the 
experiment. Since this value was defined for the specific actuator geometry and is thus 
constant, the parameter is not able to account for geometrical changes or voltage and 
frequency variation.  
     As can be seen, finding an exact solution for the electrostatic fluid interaction regardless 
of the application, geometry and applied voltage (AC or DC), is challenging. The aim of 
this study is to develop a theoretical, mathematical and numerical model to include all those 
effects.  
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2.4 Mathematical Model and Governing Equations 
2.4.1 Electrostatic Field and Charge Transport 
This study is based on solving the space charge transport by neglecting the ionization layer 
and considering unipolar ions in the domain drifting toward ground plate with constant 
mobility (μ𝑒). In the absence of magnetic fields, the equations defining the electric field 
are [30]: 
cD 

 (2-1) 
t
J c



 
 (2-2) 
?⃗? = 𝜀?⃗?  (2-3) 
?⃗? = −∇𝑉 (2-4) 
where D⃗⃗  is the electrostatic displacement vector, 𝜌𝑐 is the space charge density, J  is the 
electric current density, ε is the gas permittivity, E⃗  is the electric field and V is the electric 
potential. 
     The electric potential is thus governed by Poisson’s equation: 
∇2𝑉 = −
𝜌𝑐
𝜀
 (2-5) 
     The ionic charges are accelerated by the Coulomb force and move towards the ground 
electrode. The charge drift creates an electric current with a density defined as: 
𝐽 = 𝜌𝑐(𝜇𝑒?⃗? + ?⃗? ) − 𝐷∇𝜌𝑐   (2-6) 
where J  is the current density, 𝜇𝑒 the mobility of ions, D the ions diffusion coefficient and 
u⃗  the gas velocity, which may include both the EHD flow and the externally produced 
airflow. The three terms on the right hand side of Eq. (2-6) are drift, convection and 
diffusion currents, respectively. 𝐷 is the diffusion coefficient and is equal to [30]: 
𝐷 =
𝑘𝐵𝑇. 𝜇𝑒
𝑒0
 (2-7) 
where kB is the Boltzmann constant, which is equal to 1.38065×10
-23(m2kg s
2K⁄ ), T is the 
absolute temperature, 𝑒0 is the electron charge, equal to 1.602×10
-19 (C). 
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     Generally, since the drift velocity of ions in Eq. (2- 6) is usually about two orders of 
magnitude larger than the typical velocity of the gas flow [74], the convective component 
in the ionic current density can be neglected. As a result the electric field and space charge 
density will be independent of the fluid motion. However, in this study in some applications 
we are interested to see the effect of the flow velocity rate on the current level. Therefore, 
a fully coupled model has been implemented. Eq. (2-6) can be substituted into Eq. (2-2) to 
derive the continuity equation, 
  0)( 


cec
c DuE
t


 (2-8) 
     This is the most generic form of the continuity equation. Obviously, when we are not 
interested in gas velocity, the convective part would be eliminated, and when we are 
studying the steady state condition the derivative of the charge density over time could be 
eliminated. 
     The simulation of the corona discharge phenomenon requires the simultaneous solution 
of Poisson’s equation to account for the field modification due to space charge and the 
continuity equations to account for the migration of the space charge. Therefore, the corona 
discharge is governed by a set of two partial differential equations with two unknown 
distributions: Eq. (2-5) with the unknown potential V and Eq. (2-8) with the unknown space 
charge density ρ. 
2.4.2 Fluid Flow 
Under the assumption that the ambient air is incompressible Newtonian fluid, which is 
valid for the small pressure drop in the system, it has constant density and viscosity and 
the flow is steady and turbulent, the airflow has to satisfy the continuity and the Navier–
Stokes equation. The Navier–Stokes equations result from the Newton’s second law of 
motion (momentum equation), which states that the rate of change of momentum equals 
the sum of forces on the fluid particle [75]. 
𝜕(𝜌?⃗? )
𝜕𝑡
+ ∇ ∙ (𝜌𝑢?⃗? ) = −
𝜕𝑃
𝜕𝑥
+ ∇ ∙ (𝜇∇?⃗? ) + 𝑆𝑥 (2-9) 
𝜕(𝜌?⃗? )
𝜕𝑡
+ ∇ ∙ (𝜌𝑢?⃗? ) = −
𝜕𝑃
𝜕𝑦
+ ∇ ∙ (𝜇∇?⃗? ) + 𝑆𝑦 (2-10) 
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     Taking into account the assumption of an incompressible flow of a Newtonian fluid 
with constant density and viscosity, the Navier–Stokes equations can be simplified to a 
form: 
𝜌 (
𝜕?⃗? 
𝜕𝑡
+ ?⃗? ∙ ∇?⃗? ) = −∇𝑃 + 𝜇∇2?⃗? + 𝐹  (2-11) 
where 𝑆𝑥, 𝑆𝑦 are the source terms of the x-momentum, and y- momentum equations 
respectively, 𝜌 is the gas density, P the static pressure, 𝜇 is the fluid viscosity and 𝐹  the 
external body force, in this case equal to the Coulomb force, which is responsible for the 
corona generated EHD flow. 
     If temperature effects are neglected, the only other equation (apart from initial boundary 
conditions) needed is the mass conservation or continuity equation, given in its most 
general form as: 
𝜕𝜌
𝜕𝑡
+ ∇ ∙ (𝜌?⃗? ) = 0 (2-12) 
     Under the incompressible flow assumption, density is constant and the equation will 
simplify to: 
∇ ∙ ?⃗? = 0 
(2-13) 
2.4.2.1 Turbulent model 
Turbulence is a property of the flow field and it is mainly characterized by a wide range of 
flow scales which depend on the geometry: from the largest, to the smallest quickly 
fluctuating scales, and all the scales in between. The tendency for an isothermal flow to 
become turbulent is measured by the Reynolds number [76]: 
𝑅𝑒 =
𝜌?⃗? 𝐿
𝜇
 (2-14) 
     where L is length scale of the flow.  
      Flows with high Reynolds numbers tend to become turbulent and this is the case for 
most engineering applications. The modeling procedure involves computing the flow 
Reynolds number (Re) to determine if turbulence modeling is necessary. If the Reynolds 
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number based on the characteristic length of the channel and the existing external gas flow 
is above a critical value then the fluid flow is considered as turbulent. The Navier-Stokes 
equations can be used for turbulent flow simulations, although this would require a large 
number of elements to capture the wide range of scales in the flow. So, the exact time 
dependent solutions of the Navier-Stokes equations in complex geometries for turbulent 
flows, which can represent the smallest scales of the motions, are unlikely to be achievable 
in the near future [77]. An alternative approach is to divide the flow into large resolved 
scales and small unresolved scales. The small scales are then modeled using a turbulence 
model with the goal that the model is numerically less expensive than resolving all present 
scales. This averaged representation often provides sufficient information about the flow.  
     In Reynolds averaging, the solution variables in the instantaneous Navier- Stokes 
equations are decomposed into the mean and fluctuating components. For the velocity 
components: 
𝑢𝑖 = 𝑈𝑖 + 𝑢𝑖
′ (2-15) 
     where 𝑈𝑖 and 𝑢𝑖
′ are the mean and fluctuating velocity components, respectively. The 
subscript “i” represents each dimensional component of the velocity, for example, it 
indicates X, Y for 2D Cartesian system. Likewise for other scalar quantities: 
𝜙 = ?̅? + 𝜙′ (2-16) 
     where 𝜙 denotes a scalar, such as pressure, or energy.  
     Decomposition of flow fields into an averaged part and a fluctuating part is followed by 
insertion into the Navier-Stokes equation. Then averaging gives the Reynolds-averaged 
Navier-Stokes (RANS) equations: 
𝜕𝑈𝑖
𝜕𝑥𝑖
= 0 
𝜕
𝜕𝑡
(𝜌𝑈𝑖) +
𝜕
𝜕𝑥𝑖
(𝜌𝑈𝑖𝑈𝑗) = −
𝜕𝑃
𝜕𝑥𝑖
+
𝜕
𝜕𝑥𝑗
[𝜇 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗
𝜕𝑥𝑖
−
2
3
𝛿𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗
)] 
                                                  +
𝜕
𝜕𝑥𝑗
(−𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) + 𝑓𝑖 
(2-17) 
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     A comparison with Eq. (2-11) indicates that the only difference is the appearance of a 
term on the left-hand side of Eq. (2-17). This term represents interaction between the 
fluctuating velocities and is called the Reynolds stress tensor. This means that in order to 
obtain the mean flow characteristics, information about the small-scale structure of the 
flow is needed. In this case, that information is the correlation between fluctuations in 
different directions. 
     A common method employs the Boussinesq hypothesis [77] to relate the Reynolds 
stresses to the mean velocity gradients: 
−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ = 𝜇𝑡 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
) −
2
3
(𝜌𝑘 + 𝜇𝑡
𝜕𝑈𝑖
𝜕𝑥𝑖
) 𝛿𝑖𝑗 
(2-18) 
2.4.2.2 Standard 𝒌 − 𝜺 turbulent model 
In this model, two additional transport equations (for the turbulence kinetic energy, 𝑘, and 
turbulence dissipation rate, 𝜀)  
𝜕
𝜕𝑡
(𝜌𝑘) +
𝜕
𝜕𝑥𝑖
(𝜌𝑘𝑈𝑖) =
𝜕
𝜕𝑥𝑗
[(𝜇 +
𝜇𝑡
𝜎𝑘
)
𝜕𝑘
𝜕𝑥𝑗
] − 𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅
𝜕𝑈𝑗
𝜕𝑥𝑖
− 𝜌𝜀 (2-19) 
𝜕
𝜕𝑡
(𝜌𝜀) +
𝜕
𝜕𝑥𝑖
(𝜌𝜀𝑈𝑖) =
𝜕
𝜕𝑥𝑗
[(𝜇 +
𝜇𝑡
𝜎𝜀
)
𝜕𝜀
𝜕𝑥𝑗
] − 𝐶𝜀 (𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅
𝜕𝑈𝑗
𝜕𝑥𝑖
) (2-20) 
are solved, and the eddy viscosity 𝜇𝑡  is computed as a function of 𝑘 and 𝜀 using the 
following expression: 
𝜇𝑡 = 𝜌𝐶𝜇
𝑘2
𝜀
 (2-21) 
     In these equations 𝐶𝜀, 𝐶𝜇, 𝜎𝜀, 𝜎𝑘 are constant coefficients.  
2.4.2.3 Turbulence intensity 
The turbulence intensity,𝑇𝐼, often referred to as turbulence level, is defined as the ratio of 
the root mean square of the turbulence velocity fluctuations, 𝑢′, to the mean flow velocity, 
𝑈, as: 
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𝑇𝐼 =
𝑢′
𝑈
= √
2𝑘
3
𝑈,         𝑈 = √𝑈𝑥
2 + 𝑈𝑦
2⁄  (2-22) 
     Two thirds the turbulence kinetic energy assumes isotropic turbulence and corresponds 
to averaging the fluctuating components (𝑢′ = √1
3
(𝑢𝑥
′2 + 𝑢𝑦
′2) = √
2
3
𝑘). The conservation 
equations and assumption presented in this section can be found in standard gas dynamics, 
compressible fluid flow textbooks [78]. 
2.4.2.4 Body force effect 
The force acting on the neutral gas is due to electron-molecule and ion-molecule collisions, 
and this force per unit volume is equal to the momentum transferred per unit volume and 
per unit time from charged particles to neutral molecules. If we neglect the mean velocity 
of the neutral molecules with respect to the charged particles drift velocity, and by using 
the definition of charged particle mobility, the total force acting per unit volume 𝑓𝑖 and 𝑓𝑒 
due to ions and electrons on the neutral molecules can be written as a function of charged 
particle current densities and mobilities [79]: 
𝑓 = 𝑓𝑖 − 𝑓𝑗 =
𝐽𝑖
𝜇𝑒,𝑖
−
𝐽𝑒
𝜇𝑒,𝑒
 (2-23) 
     The current densities in the collisional plasma are well described by the drift-diffusion 
equations: 
𝐽𝑖 = 𝜌𝑐,𝑖𝜇𝑒,𝑖?⃗? − 𝐷𝑖∇𝜌𝑐,𝑖 (2-24) 
𝐽𝑒 = 𝜌𝑐,𝑒𝜇𝑒,𝑒?⃗? − 𝐷𝑒∇𝜌𝑐,𝑒 (2-25) 
     In the ionization region the force on molecules due to electrons is almost negligible, 
since the electron mobility is much larger than the ion mobility.  
     In a non-neutral region, the charged particle density gradients can be neglected with 
respect to the electric field terms. So, the electric force acting on the charged particles is 
entirely transmitted to the neutral molecules through collisions and we have 
𝑓 ≈ (𝜌𝑐,𝑖 − 𝜌𝑐,𝑒)?⃗?  (2-26) 
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     Generally the ion number density in non-neutral regions is much higher than the 
electron number density. This is, for example, the case in a glow discharge, in the drift 
region. In this case the force per unit volume acting on the gas molecules simplifies to: 
𝑓 ≈ 𝜌𝑐,𝑖?⃗?  (2-27) 
     The simple argument above and the numerical results show that the force exerted by 
the charged particles on the neutral gas in the conditions studied here are significant only 
in the drift region of the discharge where the ion current density is large.  
2.5 Boundary Conditions 
The boundary conditions for the potential are very straightforward: a given electric 
potential (Vap) at the corona electrode and zero at the ground planes. The value of space 
charge density at different points of the corona electrode is the required boundary condition 
for space charge density. However, specifying this value is not so easy. One possible 
approach is to use a hypothesis first suggested by Kaptzov [80]. This hypothesis suggests 
that if the corona discharge occurs at some point of the electrode and charge is injected, 
the electric field at this point remains at the value equal to that at the corona onset. The 
potential of the electrode at the point from which the very first time charge is injected to 
the domain defines the corona onset level, and the corresponding value of the electric field 
will be the critical electric field, which remains nearly constant during the discharge. In 
highly symmetrical arrangements of electrodes, for example cylindrical or hemispherical 
ones, there exists an analytical solution for the onset electric field. The result is known as 
Peek’s equation and in air it has the following forms [81]: 
- cylindrical geometry: 
            𝐸0 = 3.1 × 10
6𝛿 (1 +
0.308
√𝛿𝑅
) [
𝑉
𝑚
], 
- spherical geometry: 
            𝐸0 = 3.1 × 10
6𝛿 (1 +
0.308
√0.5𝛿𝑅
) [
𝑉
𝑚
] 
 
(2-28) 
 
(2-29) 
where δ = 𝑇0𝑃 𝑇𝑃0
⁄ , 𝑇0 the standard temperature, 𝑇 the actual temperature, 𝑃0 the standard 
pressure, 𝑃 the actual pressure of gas, and 𝑅 is the electrode radius in cm. It must be 
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emphasized that these Peek’s equations can be used only, if the electric field is the same at 
all points of the discharge electrodes. 
     The values of the charge density should be selected in order to satisfy the Kaptzov 
condition. The electrode tip has a spherical shape, but the electric field is not constant and 
slightly varies from one point of the surface to another. Formally speaking, the corona onset 
voltage and critical electric field would have to be different at different points. However, 
for the simplification of the algorithm, a constant critical electric field has been assumed 
as calculated from Peek’s formula for the spherical electrode. The initial density of the 
space charge has to be guessed, or taken from a previous solution at similar conditions. 
After the problem is solved the electric field on the electrode surface is compared with 
Peek’s value and the electric charge updated. Beside some well-founded techniques, the 
following simple formula proved to be very effective [11]: 
𝜌𝑛𝑒𝑤 = 𝜌𝑜𝑙𝑑 + 𝛽(𝐸 − 𝐸0) (2-30) 
where β is an experimentally found constant. 
     This approach provides an indirect boundary condition for space charge density. Its 
distribution on the corona electrode surface is iterated until the corona electrode electric 
field is sufficiently close to Peek’s value.  
     The boundary conditions for the airflow are straightforward: the collecting plate and 
corona electrode surface act as stationary walls, where all components of the velocity 
vector are zero. The outside boundary of the domain is defined as velocity inlet and 
outflow. Since the computational domain is open in this area, the air is free to flow in both 
directions. 
2.5.1 Complementary equations for modeling dielectric barrier 
discharge 
The main point in simulating DBD is to include surface charge accumulation on the 
dielectric surface. This surface charge plays a controlling role in the self-limiting feature 
of DBD for transition from discharge to spark. To include the quenching action of the 
dielectric barrier, the introduction of an additional boundary condition is required, which 
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can handle charge accumulation at the dielectric surface and the resulting local reduction 
of the electric field in the discharge gap. According to the Maxwell equation, the tangential 
and normal components of the electrical intensity and electrical displacement at the 
interface of plasma and dielectrics must satisfy the following continuity conditions: 
?⃗? × (𝐸𝑑 − 𝐸𝑎) = 0, (2-31) 
?⃗? ∙ (𝐷𝑑 − 𝐷𝑎) = 𝜌𝑠 (2-32) 
     In the above equations, the subscripts d and a designate the variables either residing in 
the dielectric or air. The local derivative of surface charge density is defined as: 
𝜕𝜌𝑠
𝜕𝑡
= ?⃗? . 𝐽  
(2-33) 
     The current density J  is defined in Eq. (2- 6), so, the surface charge accumulation is 
calculated by: 
𝜌𝑠 = ∫𝐽𝑛𝑑𝑡 + 𝐶0 
(2-34) 
2.6 Finite Element implementation in COMSOL 
FEM is versatile and powerful for handling problems with complex geometries and in non-
homogeneous media. Another advantage of this technique is in programming flexibility 
and elegance.  
     Six steps are involved in this method [82]: 
 Discretization of the solution region into elements: these elements can be 1D, 2D 
or 3D depending on the configuration of the problem. 
 Interpolation of the solution: in this step, the unknown variable inside the element 
is interpolated based on the nodal values. 
 Deriving governing equations for each element.  
 Assembling matrix equations for all elements in the solution region to form a global 
set of equations. 
 Introducing the boundary conditions. 
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 Solving the resulting system of equations using matrix inversion or iterative 
techniques. 
The aim of this section is to give an introductory overview of FEM as it is implemented 
in COMSOL commercial software. Because of the generality of this technique, a general 
purpose computer program can be developed and can be used for a wide range of problems. 
    The first step in using COMSOL is to create the solid geometry of the system under 
investigation and to generate the mesh for the computational domain. The setup of regions, 
boundary conditions and equations is followed by the solution of a set of partial differential 
equations (PDEs). Those PDEs could be as the form of classical PDE, such as the Poisson 
and charge transport equations, or momentum and continuity equations.  
     The Poisson and current continuity equations, Eq. (2-5) and Eq. (2-8), with two 
unknown distributions: potential and space charge density (𝜌𝑐), are the two governing 
equations describing the corona discharge model. These equations are solved using the 
proposed 2D FEM numerical technique. The entire algorithm to obtain the electrical 
characteristics consists of two iterative loops, the inner loop for calculating the electric 
field and the space charge density in the domain, and the outer loop for calculating the 
charge density on the corona electrode surface. In summary, the iterative procedure 
includes the following steps:   
1. Make an initial guess for the space charge density on the corona wire surface 
2. Solve Eq. (2-5) for finding the potential and field intensity distributions  
3. Solve the current conservation equation, for the space charge density using FEM 
4. Update the charge density on the surface of the wire by comparing the actual 
electric field intensity with Peek’s value 
5. Rescale the space charge density within the domain considering the new charge 
density on the corona wire surface 
6. Return to step 2 and repeat the procedures until the electric field magnitude on the 
wire surface is sufficiently close to Peek’s value. 
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The next step is solving the airflow governed by time-averaged Navier- Stokes 
equation. In the whole thesis, the airflow is assumed to be incompressible, and the 
momentum and mass conservation equations, Eq. (2-11) and Eq. (2-13), are solved 
using FEM method. The k-ε turbulent model with turbulence intensity between 5-10% 
is usually assumed. The obtained electric field and space charge density distributions 
are used for calculating the electric body force, in Eq. (2-11), responsible for generating 
secondary EHD flow, are entered into every single cell of the discretized COMSOL 
model.  
Therefore, a two-way coupling between airflow phases should be considered. The 
procedure for analysis of the whole process can be summarized as follows:  
1. Evaluate the electric potential and ionic space charge distribution in the whole 
channel by solving the Poisson and current continuity equations using the FEM 
technique, 
2. Solve the fluid flow with the effect of electrostatic body forces,    
3. Return to Step 1, adding the charged ions velocity to current continuity equations 
to calculate the new ionic charge density and electric potential distributions in the 
channel, to calculate new electrostatic body force, 
4. Stop the iterations when the average electric field magnitude on the wire surface is 
sufficiently close to Peek’s value or the calculated corona discharge current agrees 
with the experimental measurements.  
     Finally, all local parameters of the corona actuator, including the space charge density, 
the electric field and the potential for every point in the simulation domain can be obtained.  
2.6.1 Current 
Fig.2.1 shows schematically the geometry of the electrodes, the direction of the electric 
fields and the drift velocities. In this study, a formula for the discharge current is derived 
for general electrode geometry from the energy balance equation in which the displacement 
current is explicitly taken into account [83].  
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Figure 2.1: Schematic geometry of the electrodes [84] 
     The equation for the net charge density without including the diffusion and convection 
and for the general case with positive and negative ions having different mobilities is as 
follows 
𝜕𝜌𝑐
𝜕𝑡
= −∇ ∙ [(𝜇𝑐,𝑝𝜌𝑐,𝑝 − 𝜇𝑐,𝑛𝜌𝑐,𝑛)?⃗? ] = −∇ ∙ Γ  (2-35) 
      E⃗  is electric field modified by the space charge: 
?⃗? = 𝐸𝑠⃗⃗⃗⃗ + 𝐸′⃗⃗⃗⃗  (2-36) 
     where Es⃗⃗⃗⃗  is the static applied field without effect of space charge and E′⃗⃗  ⃗ is the field 
produced by the space charge. The general relations between the charge density and the 
electric field intensity such as ∇ ∙ 𝐸𝑠⃗⃗⃗⃗ = 0, ∇ ∙ 𝐸′⃗⃗⃗⃗ = 𝜌𝑐 𝜀⁄  and −𝐸′⃗⃗⃗⃗ = ∇𝑉
′ are valid, where 
𝑉′ is the potential of the field caused by the space charge.  
     For this case, the energy balance equation including the displacement current is 
𝑉𝑎𝑝𝐼 = ∭𝐽 ∙ ?⃗? 𝑑𝑣 = ∭Γ ∙ ?⃗? 𝑑𝑣 + 𝜀 ∭(𝜕 ?⃗? 𝜕𝑡⁄ ) ∙ ?⃗? 𝑑𝑣 (2-37) 
     where I is the total corona current.  
     The first term of Eq. (2-37) can be divided into two terms 
∭Γ ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 + ∭Γ ∙ 𝐸′⃗⃗⃗⃗ 𝑑𝑣 (2-38) 
     By using the divergence theorem and the Green’s first identity, the second term in Eq. 
(2-38) can be integrated by parts to yield 
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−∯𝑉′Γ ∙ 𝑑𝑺 + ∭𝑉′∇ ∙ Γ 𝑑𝑣 
(2-39) 
    The final form of the energy balance equation becomes [84] 
𝑉𝑎𝑝𝐼 = ∭Γ ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 + 𝜀 ∭(𝜕 𝐸𝑠⃗⃗⃗⃗ 𝜕𝑡⁄ ) ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 (2-40) 
     The final form of current equation for time-dependent electric fields, including positive 
and negative ions with different mobility is 
𝐼 =
1
𝑉𝑎𝑝
∭(𝜇𝑒,𝑝𝜌𝑐,𝑝 − 𝜇𝑒,𝑛𝜌𝑐,𝑛)?⃗? ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 +
𝜀
𝑉𝑎𝑝
∭
𝜕𝐸𝑠⃗⃗⃗⃗ 
𝜕𝑡
∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 (2-41) 
     Throughout this study different forms of this current equation have been used in order 
to evaluate the discharge current depending upon the conditions assumed. If the DC voltage 
is applied to the system the variation of the electric field over time would be zero and the 
second term in Eq. (2-42) would be equal to zero. Consequently the current equation would 
be 
𝐼 =
1
𝑉𝑎𝑝
∭(𝜇𝑒,𝑝𝜌𝑐,𝑝 − 𝜇𝑒,𝑛𝜌𝑐,𝑛)?⃗? ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 (2-42) 
     Moreover, in a general case the mobility of positive and negative ions were assumed to 
be the same. By doing more simplifications, the current equation could be calculated as 
follows 
𝐼 =
1
𝑉𝑎𝑝
∭𝜌𝑐𝜇𝑒?⃗? . 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 (2-43) 
2.6.2 Electrokinetic conversion 
From the velocity profiles, the induced kinetic power and then electro-mechanical 
efficiency of the EHD actuators could be computed. For corona-induced kinetic power, 
Robinson [74] assumed that the kinetic power corresponds to the energy derivative and 
showed  
𝑃𝑚𝑒𝑐ℎ =
1
2
𝜌𝐴𝐺𝑉𝐺
3 (2-44) 
     Sigmond and Lagstad [75] established a theoretical model where they considered that  
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𝑃𝑚𝑒𝑐ℎ =
1
2
𝜌𝑆𝐺𝑉𝐺
2 (2-45) 
     They demonstrated that the electro-mechanical efficiency of the corona discharge is 
given by  
𝜂 =
𝑃𝑚𝑒𝑐ℎ
𝑃𝑒𝑙𝑒𝑐
=
𝑉𝐺
2𝑣𝑖
⁄ ≪ 1 (2-46) 
     where 𝐴𝐺  is the discharge cross section, 𝑉𝐺 the gas velocity, 𝑆𝐺 the averaged gas flow 
rate through the discharge cross section and 𝑣𝑖 the drift velocity of ions.  
In the previous models the velocity variations along the y axis is not taken into 
consideration. The more complete model was developed by Moreau [69] based on the 
energy conservation equation. In this model velocity profile is taken into account and the 
mechanical power corresponding to the kinetic energy density is expressed as 
𝑃𝑚𝑒𝑐ℎ =
1
2
𝜌𝐿𝑠 ∫𝑉𝐺
3𝑑𝑦 (2-47) 
     with 𝐿𝑠 the span wise electrode length. To determine the mechanical power of a surface 
discharge per unit of electrode length, the value is divided by 𝐿𝑠. Therefore, the electrical 
power per unit length, and then the electro-mechanical efficiency of the plasma actuator, 
could be derived.  
2.7 Conclusions 
In this Chapter, a comprehensive review on different proposed techniques for 
simultaneously solving the Poisson equation, charge continuity equation and fluid flow 
equations were explained. Among these techniques, the FEM seems to be best suited for 
simulating discharge cases investigated in this thesis. The full mathematical algorithm to 
calculate the electrical characteristics such as electrical current and power consumption are 
described in detail. Other important characteristic of the corona actuator is the active force 
on the air above the actuator. The complete formulation for calculating the acting force on 
the airflow moving over a flat plate is described in detail in Chapter 5. 
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Chapter 3  
3 Quasi-stationary numerical model of the dielectric 
barrier discharge 
The aim of this study is to present a numerical algorithm for investigating the dynamic 
characteristics of a simple model of the dielectric barrier discharge in air. The proposed 
algorithm is based on the finite element method and is capable of determining the 
distribution of electric field intensity and space charge density in the point-plane geometry, 
when the plane is covered with a thin dielectric layer and the needle is energized with a 
sinusoidal voltage. The simulation results show the behavior of corona current and space 
charge density for a few values of the input voltage and frequency. The aim of this 
parametric study is to investigate the effect of voltage, and frequency on the time variation 
of the discharge.  
3.1 Introduction 
The dielectric barrier discharge (DBD) is used in various important applications, such as 
ozone generation, pollution control, electrostatic precipitation, fluid flow control and many 
other industrial processes. This discharge is closely related to corona discharge (CD) since 
both discharges have common features, such as the strong distortion of the local field 
caused by space charge distribution [1]. Although, the electric field, established by the 
electrodes, in corona discharge can be produced by dc voltage, ac voltage or pulse voltage, 
a dielectric barrier discharge requires alternating voltages for its operation [2]. The 
dielectric layer deposited on one or both electrodes cannot pass a dc current, but the electric 
current can exist and it is induced by drifting ions. Barrier discharges can be operated in 
various modes. At atmospheric pressure, the local electrical breakdown in a form of large 
number of micro discharges is the normal situation for most gases [3]. Under certain 
circumstances it is possible to obtain apparently homogeneous, diffuse discharges [4] or 
regularly spaced glow discharge patterns [5]. At lower pressures, diffuse glow discharges 
can always be obtained [3]. Due to these numerous regimes of operation, during the last 
several decades, many efforts have been made to have a better understanding of the 
dielectric barrier discharge and many theoretical, experimental and numerical results have 
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been published. Massines et al. [6] developed a 1D model for the DBD dynamics based on 
the numerical solution of the electron and ion continuity, and momentum transfer equations 
coupled to Poisson’s equation. The authors accounted for the charge accumulation on the 
dielectric surface, as the discharge develops, and derived the voltage boundary conditions 
for dielectrics by considering an equivalent circuit of the gas gap in series with the 
equivalent capacitor of the dielectric. Later Massines et al. [7] presented a two- dimensional 
analysis for a parallel electrode configuration. This study provided a helpful insight for 
understanding the DBD behavior. One of the recent investigations on modeling of DBD, 
based on the Finite Difference Method (FDM) was performed by Shang et al. [8], [9]. The 
qualitative electro-dynamics of the DBD in air was studied using three components in a 
drift diffusion plasma model including Poisson’s equation. The computational simulation 
confirms the self-limiting feature of the DBD, preventing the corona to spark transition, 
and the numerical results agree to some extend with the experimental data. However, since 
the authors used FDM there is still a problem with spatial discretization of complicated 
geometries. Gouri et al. [10] investigated one of the most common applications of DBD in 
the electrostatic precipitator (ESP). The electrical characteristics of the precipitator, such 
as the current waveform, have been analyzed. Sensitivity analysis has shown that the 
particle collection efficiency of the ESP increases with the applied voltage. However, this 
depends on the frequency range and both at low or very high frequencies the efficiency can 
be poor. Dramane et al. [11] varied the system geometry in order to investigate the effect 
of channel geometry on the system operation. This included the thickness, length and 
number of tubes.  
     Although quite a few articles using DBD in numerous industrial applications have been 
published, still no reliable and accurate model has been presented in order to interpret the 
physics of this phenomenon and most of the works are based on the experimental setups. 
Complications in modeling the dielectric barrier discharge are generally related to the 
complexity of reactions in the ionization layer and randomness of the discharge regime in 
some configurations. In order to overcome these problems, a single species DBD model 
for a point to plane configuration is presented in this paper. The Finite Element Method 
(FEM) was used to solve the governing equations for both the electric field and distribution 
of unipolar space charge using the COMSOL multi-physics commercial software. The 
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basic characteristics of the discharge, including the total current, electric field distribution, 
surface charge accumulation and space charge density distributions are reported. In 
addition, in order to investigate the effect of frequency and amplitude of voltage on the 
discharge characteristics the simulation has been done for different levels of these 
parameters. 
3.2 Mathematical model 
3.2.1 Governing equation 
Figure 3.1 shows a typical configuration for dielectric barrier discharge in the point-plane 
geometry. 
 
Figure 3.1: Typical configuration for DBD investigated in this study  
     A hemispherical needle with a tip radius curvature R and length L is perpendicular to 
an infinitely large plate at a distance D. A sinusoidal electric potential with the maximum 
value of Vmax is applied to the needle. The ambient gas is air at room temperature and 
atmospheric pressure. As this is a single species model, it is assumed that the ionization 
layer is neglected and positive or negative ions with constant mobility are assumed to be 
injected from the corona electrode. In the absence of magnetic field, the equations 
governing the electric field are [12]: 
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     where D⃗⃗  is the electrostatic displacement, ρ𝑐 is the space charge density, J  is the electric 
current density, ε0 is the gas permittivity, E⃗  is the electric field and V is the electric 
potential. The electric field is thus governed by Poisson’s equation: 
0
2

cV   (3-5) 
     The ionic charges are accelerated by the Coulomb force and move towards the ground 
plates. The charge drift creates an electric current with a density defined as: 
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     where μ𝑒 is the mobility of ions, D is the ions diffusion coefficient and u⃗  is the gas 
velocity. Three terms on the right hand side of Equation (3.6) are drift, convection and 
diffusion currents, respectively. Diffusion coefficient and is equal to: 
0e
Tk
D eB

  (3-7) 
     where kB is the Boltzmann constant equal to1.38065 × 10
−23(𝑚2. 𝑘𝑔 𝑠2. 𝐾⁄ ), T is the 
absolute temperature, e0 is the electron charge, equal to1.602 × 10
−19(𝐶). 
     Since the drift velocity of ions is usually about two orders of magnitude larger than the 
typical velocity of the gas flow, the convective component in the ionic current density can 
be neglected, so: 
ce DEJ  

 (3-8) 
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     Eq. (3.8) can be substituted into (3.2) to derive the continuity equation, 
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     Therefore, the electric problem of the corona discharge is governed by a set of two 
partial differential equations with two unknown distributions: Eq. (3.5) with the unknown 
potential and Eq. (3.9) with the unknown space charge density. 
3.2.2 Complementary equations for modeling dielectric barrier 
discharge 
The main point in simulating DBD is to include surface charge accumulation on the 
dielectric surface. This surface charge produces a field directed against the electric field 
produced by the voltage source to an extent that the ionization eventually stops. Actually, 
the surface charge accumulation plays a controlling role for the self-limiting feature of 
DBD preventing transition from a corona to a spark discharge. To include this phenomenon 
it is necessary to introduce an additional boundary condition, which can include the charge 
accumulation on the dielectric surface and the resulting reduction of the electric field in the 
discharge gap. According to Maxwell equations, the tangential and normal components of 
the electrical intensity and electrical displacement at the interface between air and dielectric 
material must satisfy the following conditions [8]: 
  0

ad EEn  (3-10) 
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     In the above equations, the subscripts d and a, correspond to dielectric or air. The time 
derivative of surface charge density is related to the normal current density: 




Jn
t
s  
(3-12) 
     The current density J  is defined in Eq. (3-8), so, the surface charge accumulation can be 
calculated as: 
  0CdtJns  (3-13) 
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     Integral form of the surface charge density on the dielectric includes total charge at each 
time steps and C0 which defines the total accumulated charge in previous time steps. 
Basically by C0, charge accumulation on the barrier surface would be controlled by same 
polarity charge and likewise; charge elimination on the barrier surface is controlled by 
opposite polarity charge. 
3.2.3 Boundary conditions 
The boundary conditions for the potential are straightforward: a given electric potential 
(Vap) on the corona electrode and zero on the ground plane [13]. However, formulation of 
proper boundary conditions for the space charge density is not so easy because the 
ionization layer has been neglected. One possible approach is to use Kaptzov’s hypothesis, 
which can be used to create a simple algorithm, which helps to establish the charge 
injection law. Kaptzov suggested that if the corona discharge occurs at some point on the 
electrode, the electric field at this point remains constant at the value it takes at the corona 
onset.  
     The potential of the electrode at the point where the charge is injected to the domain for 
the first time defines the corona onset level, and the corresponding value of the electric 
field will be the critical electric field, which remains nearly constant during the discharge. 
In this configuration we can apply Peek’s equation which in air it has the following form: 

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     where δ = T0P TP0⁄ , R is the electrode radius in cm, T0 the standard temperature, T the 
actual temperature, P0 the standard pressure and P the actual pressure of gas. It must be 
emphasized that Peek’s equation can be used only, if the electric field is the same at all 
points on the discharge electrode. 
     The values of the charge density should be selected in order to satisfy the Kaptzov 
condition. The electrode tip has a spherical shape, but the electric field is not constant and 
slightly varies from one point of the surface to another. Formally speaking, the corona onset 
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voltage and critical electric field would have to be different at all points. However, for the 
simplification of the algorithm, a constant critical electric field has been assumed. The 
initial density of the space charge has to be guessed, or taken from a previous solution at 
similar conditions. After the problem is solved the electric field on the electrode surface is 
compared with Peek’s value and the electric charge updated. While some well-established 
techniques are often advised, here the following simple formula to update the space charge 
density on the surface of corona electrode proved to be very effective [13]: 
 0)()( EEoldcnewc    (3-15) 
     where β  is an experimentally found constant.  Practically, this approach provides an 
indirect boundary condition for space charge density. Its distribution on the corona 
electrode surface is iterated until the corona electrode electric field is sufficiently close to 
Peek’s value.  
3.3 Numerical algorithm 
The processes occurring in the dielectric barrier discharge during a cycle of AC voltage are 
more complicated than that for a corona discharge. By applying an electric field larger than 
the breakdown field local ionization occurs, which initiates the electric current in the 
domain. During the positive half cycle the positive ions will accumulate on the dielectric 
surface. So, the total electric field intensity is a combination of the electric field produced 
by the voltage source and the field produced by the space charge collected on the dielectric 
surface. As the discharge progresses, the charge accumulated on the dielectric surface 
reduces the local electric field to such an extent that ionization stops and the current is 
quenched. When the sign of the applied voltage reverses, the electric field due to external 
voltage is reinforced due to the surface charge accumulation. This enhanced field at the 
beginning of the new half cycle initiates a current in the opposite direction, which transfers 
negative charge to the dielectric surface. The process continues until the opposing space-
charge field once again extinguishes the ionic current across the gap [14]. 
     Following this description, an iterative numerical algorithm for the dielectric barrier 
discharge simulation has been developed. The simulation starts from some initial guess of 
the space charge density and then the conventional FEM procedure is employed to obtain 
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the Poisson component of the electric potential from Eq. (3.5). After calculating V, the 
electric field is calculated by differentiating the potential distribution. Using the values of 
calculated electric field, the new charge density distribution is obtained by solving Eq. 
(3.15). This process continues and the iterative algorithm updates the injected charge 
density on the corona electrode surface until the electric field values are sufficiently close 
to Peek’s value. Finally, all local parameters of the electric dielectric barrier discharge, 
including the space charge density, the current density, the electric field and the potential 
for every point in the simulation domain can be obtained. It should be noted that the electric 
field varies strongly in both space and time. Near the discharge electrode the electric field 
variation is particularly steep, which demands a very fine spatial mesh, while in the 
remaining region the electric field is more uniform. A non-uniform spatial mesh is 
therefore essential for an accurate numerical treatment. In addition, the numerical 
algorithm for determining space charge density should fulfill a few important requirements 
[12]. It should give positive, accurate results, free from nonphysical density fluctuation and 
numerical diffusion, should be computationally efficient, and should be easily adopted for 
any geometry.  
3.3.1 Electric current 
In this study, a formula for the discharge current is derived for general electrode geometry 
from the energy balance equation in which the displacement current is explicitly taken into 
account. E⃗  is electric field modified by the space charge: 

 'EEE s  (3-16) 
     where Es⃗⃗⃗⃗  is the static applied field without the effect of charge transport and E⃗  is the 
field produced by the space charge.  It has been assumed that the computational model is 
based on a single species model without the effect of electrons. With a few simplifications 
the current equation can be calculated as follow [15]: 
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3.4 Simulation results 
In this study, a cylindrical needle 1cm long is placed at the distance 3.1cm perpendicular 
to the circular aluminum plate, which has 25cm radius. The needle has a hemispherical tip 
with the radius of 95μm. A dielectric layer with thickness of 1mm is assumed to be placed 
on the ground plate, and the relative permittivity of this material is 6. At room temperature 
and atmospheric pressure the corona onset voltage for this configuration is evaluated to be 
3.1kV. The voltage supplied to the needle varied between the corona onset level and 8kV.  
    The first simulation was done for a maximum sinusoidal input voltage of 7.5kV and a 
frequency of 5kHz. Total corona current between both electrodes and the distribution of 
the charge density on the ground plate were calculated. Figure 3.2 shows the distribution 
of the electric field intensity with and without the effect of accumulated charges in space 
and on the surface of the dielectric. 
 
Figure 3.2: Electric field intensity on the needle’s tip with (Poissonian Model) and without (Laplacian 
Model) the effect of the accumulated charge  
     Two observations are dominant in Figure 3.2. First, the electric field is distorted due to 
effect of injected space charge from the tip of the needle and the accumulated surface 
charge on the dielectric. The most important effect is that the electric field intensity reaches 
the value above Peek’s value just before voltage zero crossing. So, it was observed that for 
this level of voltage and frequency the current is shifted with respect to the voltage as 
shown in Figure 3.3: 
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Figure 3.3: Waveform of the discharge current  
     The second observation is about the maximum electric field intensity on the needle’s 
tip. The iterative algorithm is used to modify the injected charge and the iterations are 
terminated when the difference between both fields reaches an assumed value. So, the 
electric field magnitude is not exactly equal to Peek’s value at all points on the needle’s 
tip, and as a result there is some slight difference between the actual electric field and 
Peek’s value. 
     In Figure 3.4 the total space charge in the air gap is shown as a function of time. 
 
Figure 3.4: Distribution of space charge in the air gap 
     In the first positive half cycle, since there is no charge in the air gap, there is a short 
time delay before the charge injection occurs. This charge reaches its maximum level and 
after that the negative ions are injected in the negative half cycle.  A zero crossing in this 
figure shows the time instant when the net amounts of negative and positive ions in the air 
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gap are equal. It is important to note that this point does not coincide with the zero crossing 
in the discharge current, because the sign of the current obeys the sign of the electric field 
intensity. It is obvious that after couple of periods the total space charge in the domain 
reaches the quasi-steady-state and the waveforms for both negative and positive cycles are 
identical.  
     The total surface charge on the dielectric at different instants of time is shown in Figure 
3.5. 
 
Figure 3.5: Accumulated surface charge on dielectric layer 
     Figure 3.6 shows the space charge density distribution in the air gap along the axis of 
symmetry. This depends on the voltage frequency. At higher frequencies, the ion transition 
time from the discharge electrode to the dielectric surface can be longer that the voltage 
period, therefore, at some points of the air gap there are still charges of one polarity, when 
the charges of opposite polarity start to be injected from the needle. At lower frequencies, 
like 50Hz, this may not happen, because ions have enough time to reach the collector before 
the needle starts to inject ions with opposite polarity. The period of one cycle at this 
frequency is 20ms. 
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Figure 3.6: Distribution of space charge along the axis of symmetry as a function of a period 
     Note that at t=4.01×10-5 (s) (the positive half-cycle) just positive ions in the domain 
exist. For other values (for example t=1.15×10-4 (s), and t=2.15×10-4 (s)), both positive and 
negative are present. For t=1.95×10-4 (s) negative ions are dominant. 
     If all the parameters are kept the same as previous model, but the level of voltage is 
changed to Vmax=3.2kV, which is around the onset voltage, the waveform of the discharge 
current is shown in Figure 3.7. 
 
Figure 3.7: Waveform of discharge current just above the onset voltage at 5 kHz  
     When the maximum voltage is just above the onset level, the voltage rises above the 
onset for a short time and a small amount of charge is injected into the domain before 
injection stops. As a result, current starts to quickly decrease, but it still continues until the 
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next half cycle, when there is a charge injection in the opposite direction. Figure 3.8 shows 
the total space charge for the above case.  
 
Figure 3.8: Total space charge in domain for the voltage just above onset level (V=3.2 kV) at 5 kHz 
     As shown, the waveform of the total charge in the domain is nearly the same as the basic 
model, but the maximum value for positive and negative ion density after a few cycles is 
much smaller than the previous case.  
 
Figure 3.9: Waveform of the discharge current for the voltage just above onset level (V=3.2kV) at 50 
Hz 
     The waveform of discharge current is shown in Figure 3.9 for Vmax=3.2kV, and 
frequency 50Hz. When there is a charge injection, there is some discharge current in the 
domain. However, after the field at the tip falls below the onset value, the current in the 
domain quickly decreases. The charges have enough time to be deposited on the dielectric 
layer and at this moment the electric current drops to zero. Almost all the charges in the 
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domain are accumulated on the dielectric surface before the needle starts to inject charge 
in next voltage half-cycle. In Figure 3.10 the waveform of total charge in the domain is 
shown. Two differences can be observed as compared to the two previous cases at 5kHz. 
First of all, the steady-state in this case is reached after practically one cycle of the applied 
voltage. Secondly, in positive half cycle, positive ions are injected to the domain until the 
voltage drops below onset voltage. Between this point and the next half cycle, all charges 
in the domain have enough time to move to the dielectric layer and there are almost no 
charges with opposite sign in the domain at any instant of time. Because of this the current 
rises abruptly and then decays and at some points the current drops to zero, as there are no 
charges in the system to produce current. 
 
Figure 3.10: Total space charge for the voltage just above onset level at 50 Hz 
     Figure 3.11 shows the variation of the total space charge and the maximum current at 
5kHz and for different voltage levels. As expected, at voltage levels below the onset 
voltage there is no charge injection and, as a result, there is no current in the domain. 
However, when the voltage is increased above the onset level the total corona current 
increases faster than linearly with the voltage. The total charge curve is almost linear.  
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Figure 3.11: Maximum current and maximum space charge in domain at different voltages and at 5 
kHz 
     Figure 3.12 shows the variation of the total space charge and maximum current at the 
fixed voltage and for different frequencies. As the frequency increases , the current level 
increases due to the fact that transition time from positive cycle to negative cycle gets 
smaller and clouds of both positive and negative ions are formed. However, the net charge 
in whole domain is smaller at higher frequencies, because at lower frequencies ions with 
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the same polarity are dominant in a half cycle, and starting from following cycle almost all 
the ions are settled on the dielectric layer. 
 
 
Figure 3.12: Maximum current (left hand side) and maximum space charge (right hand side) in 
domain at different frequencies and at 7.5 kV 
3.5 Conclusion 
In this chapter, a quasi-stationary single-species FEM model for simulating the dielectric 
barrier discharge has been proposed. The governing equations, which include the effect of 
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surface charge accumulation, have been derived. For the charge transport model a partial 
differential equation was employed and artificial diffusion has been added to obtain a stable 
algorithm. The main objectives of this study were to investigate the electrical behavior of 
the system, including electric field intensity, space charge density distribution, surface 
charge accumulation and total discharge current. Sensitivity analysis of voltage and 
frequency level has been carried out in order to investigate the time variation of the 
discharge. The results show the behavior of the corona current and space charge density 
for sinusoidal voltage at different frequencies and voltage levels. In the basic model, the 
current shifting was shown due to the effect of the reverse electric field produced by surface 
charge accumulation. Also, it was shown that for higher frequencies a combination of 
positive and negative ions contribute to the current generation.  The shape of the current 
waveforms for positive and negative voltage half cycles is identical because the mobility 
of both species was equal. The ionization layer has been neglected and this is why the 
Trichel pulses in the negative half cycle were not observed. As expected, larger input 
voltage results in a larger current in the circuit. The average current depends on the 
frequency as well and increases as the frequency of input voltage increases. 
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Chapter 4  
4 Predicted flow characteristics of a wire-nonparallel plate 
type electrohydrodynamic gas pump using the Finite 
Element Method 
The aim of this study is to numerically investigate the interaction between the electrostatic 
field and the fluid flow in a wire-nonparallel plate configuration of electrodes. The 
governing equations: Poisson equation for electric field, continuity equation for charge 
transport and the momentum equation for gas flow were solved using the Finite Element 
Method assuming a highly non-uniform mesh distribution. The main outcome of this study 
is the determination of velocity versus pressure characteristics of the pump, which provides 
useful information for predicting the pump performance and for control purposes. In 
addition, the efficiency and optimum geometric configuration are evaluated using this 
model. The numerical results show that a higher voltage leads to larger velocity and higher 
pressure, where the gas velocity is a linear, but pressure is a non-linear function of the 
supplied voltage. It was also found that there is an optimum wall angle for which the air 
volumetric flow rate from the outlet of the pump reaches the maximum value.  
4.1 Introduction 
When a voltage above the corona onset level is applied between two electrodes, ions are 
created in the ionization layer and they drift from the high voltage electrode toward the 
grounded electrode(s) due to the Coulomb force. These ions collide with neutral gas 
molecules and exchange their momentum. The phenomenon of inducing the gas motion by 
corona discharge is known as the electric wind, corona wind or secondary 
electrohydrodynamic (EHD) flow. The whole process involves mutual interaction between 
the electric field, space charge density and gas flow. For the past several decades, a number 
of experimental and analytical investigations have been conducted to study the EHD 
phenomena.  
     Experimental investigations of velocity distributions in the EHD flow have been carried 
out using various techniques, such as particle-image velocimetry (PIV) [1], hot-wire 
anemometry [2] and laser Doppler anemometry [3]. These experimental observations have 
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proved the existence of the EHD flow and provided qualitative information about its 
characteristics.  
     One of the first numerical studies on the EHD flow produced by corona discharge in a 
2D wire-plate electrode arrangement was presented by Yabe et al. [4], where the results of 
numerical simulations of the Navier–Stokes equations were presented. Later, Zhao and 
Adamiak [5] carried out a fundamental study of the EHD flow in the point-plane geometry, 
focusing on a more rigorous model of the corona discharge. A hybrid algorithm was 
proposed, which included the 2D Finite Element Method (FEM) for the electric potential 
distribution and the Method of Characteristics (MoC) for the charge transport, assuming a 
single species discharge model and laminar flow. A similar approach was used to simulate 
the air flow pattern in the wire-plate electrostatic precipitator, without [6] and with the 
effect [7] of the particle charge.  
     The above studies did not consider the effect of flow turbulence. For turbulent flow 
simulation, the direct Navier-Stokes approach can be used, although this would require a 
large number of elements to capture the wide range of local fluctuations in the flow. A 
number of studies were carried out for the EHD flow by solving the time-averaged Navier–
Stokes equations with the 𝑘 − 𝜀 turbulence model [8]. Chun et al. [9] modeled the flow 
velocity field near the corona wire using the Finite Difference Method (FDM) and adopting 
the modified 𝑘 − 𝜀 turbulent model to include high and low Reynolds numbers. They have 
shown that the turbulence intensity is not just dependent on the flow Reynolds number; the 
EHD turbulence can be generated even for very small Reynolds numbers, if the EHD 
number is larger than the square of the critical Reynolds number. Although it has been 
mentioned that the equations were solved on a fine uniform rectilinear grid with a sufficient 
resolution to accurately model the system, since the configuration is highly non uniform, 
the FDM looks like an inadequate method to accurately model the whole phenomenon.  
     Other investigations on the EHD flow have been carried out in the wire-plate 
configuration [9, 10]. In this configuration, when a high voltage is applied to the corona 
wire without an external flow, the resulting EHD flow is symmetrical and no pumping 
effect is observed. However, it is possible to produce a net flow in one direction and obtain 
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a pumping effect by changing the orientation of the ground plates and forming a tilted 
electrode system. The basic concept of the pump is very attractive, as it directly converts 
the electric energy into the kinetic energy of the moving gas [11]. This type of pump may 
potentially have widespread applications in fluid transport, chemical transport and cooling 
of electronic circuits [12]. Compared to conventional gas pumps, the EHD pump offers 
some advantages, such as lack of moving components, simple construction, low noise 
operation, continuous control on the gas flow and the ability to reduce the pump size [13]. 
However, low efficiency of electrokinetic conversion and the generation of ozone are two 
major drawbacks of the EHD pumps [11].  
     Although the early reports on electrostatic pumps date back to the 18th century, one of 
the first attempts to comprehensively model this phenomenon was done much later by 
Robinson [11]. He derived a set of equations and carried out experiments on the needle-
wire configuration. It has been proved experimentally that the level of current density 
produced by moving ions is almost negligible and could be ignored in the continuity 
equation. Other important ideas in this work were the concept of cascade pumps and 
calculation of the system efficiency. An approximate estimate of the pump efficiency, 
which was less than 1%, is probably correct, but the way the output power was calculated, 
based on a fixed velocity of air in the entire domain, and the relationship between the final 
efficiency and the device parameters, were questionable.  
     Recently, the wire to non-parallel plate pump has been investigated, both 
experimentally and numerically, by a few authors. Tsubone et al. [13] presented an 
experimental investigation of the effect of the location of the grounded electrode and the 
discharge polarity on the time averaged discharge current, velocity profile, volumetric flow 
rate and the pressure generation of the pump. The experimental results show that the 
volumetric flow rate, gas velocity and generated pressure increased for higher applied DC 
voltage, and that there is a non-linear relationship between the pressure and the gas 
velocity. Another series of experimental investigations on the effect of the polarity of the 
applied voltage and position of the grounded electrodes using PIV measurements have been 
carried out by Kocik et al. [14-15]. The results of these studies showed that the size of the 
vortices formed inside the EHD gas pump decrease with increased operating voltage.  
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     One of the few numerical investigations has been done by Chang at al. [16]. The effect 
of corona wire position with respect to the edge of the ground electrodes and the angle of 
the flow channel electrodes were investigated. However, instead of using available 
numerical techniques to simulate the corona discharge, the authors assumed a 1D 
distribution of the electric field and the space charge density resulting from the analytical 
solution, even though their flow field was assumed to be 2D.  
     Until now, the published articles have been based either on the experimental 
investigations of the prototypes or simplified numerical techniques. However, several 
problems, such as the determination of the optimum wall angle for the maximum flow rate, 
prediction of the velocity vs. pressure characteristics, effect of the voltage level on the 
maximum capacity, and relation between the maximum velocity and pressure have not 
been investigated. The aim of this paper is to numerically investigate all these factors. The 
governing equations consisting of the Poisson equation for electric field, continuity 
equation for charge transport and the momentum equation for flow pattern using 𝑘 − ε 
turbulent model were solved by using the Finite Element Method with a highly non-
uniform mesh distribution.  
4.2 Model description 
4.2.1 Geometry 
In the wire to parallel plate configuration without any external flow, applying the high 
voltage to the corona wire results in a symmetrical distribution of the electric field intensity 
and space charge density, which produces symmetric body force vectors on both sides of 
the corona wire. Hence, the observed EHD flow is symmetrical with four vortices and 
without any pumping effect. By changing the wall angle and making a tilted configuration 
with non-parallel plates, the electric field intensity upstream and downstream of the corona 
wire becomes asymmetric and unidirectional gas flow may be produced. The basic 
configuration for an EHD pump for 3° wall angle is shown in Figure 1 [17].   
78 
 
43(mm)
60(mm)
17(mm)
60(mm)26.3(mm) 13.7(mm)
3
Corona wire
Ground Electrodes
Inlet Outlet
 
Figure 4.1: EHD pump configuration for wire to non-parallel plate system (not to scale) 
The total length of the channel is 120 mm and the grounded electrode has dimensions of 
60 mm × 34 mm with 0.15 mm of thickness. The corona wire has a diameter of 0.23 mm 
and length of 34 mm. It is equidistant from both plates and always located 60 mm from the 
pump outlet. The vertical distance from grounded electrode to corona wire is 10 mm. When 
the plate angle changes, the distance between the corona wire and plates remains constant. 
This means that the inlet and outlet dimensions of the pump would be changed when the 
plate tilt angle varies. 
4.2.2 Electrical model 
The physics and governing equations for modeling a single species corona discharge are 
well established in numerous articles, for example in [18]. In the model used in this paper, 
the ionization layer around the corona wire has been neglected, and the ions, with the same 
polarity as the polarity of the wire voltage, are assumed to be injected from the corona 
electrode surface, accelerated by the Coulomb force and transported toward the ground 
electrode(s). This means that the electric field, space charge and gas flow are involved in 
the governing equations.  
     Poisson’s equation governs the electric potential, and consequently the electric field 
intensity distribution for a given charge distribution [19]: 
∇2𝑉 = −
𝜌𝑐
𝜀
 (4.1) 
     The charge drift creates the electric current with a density defined as: 
𝐽 = 𝜌𝑐(𝜇𝑒?⃗? + ?⃗? ) − 𝐷∇𝜌 (4-2) 
     where 𝐽  is the electric current density, ?⃗?  is the electric field intensity, u⃗  is the gas 
velocity, ρ𝑐 is the space charge density, ε is the gas permittivity, μ𝑒 is the mobility of ions 
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and D is the ions diffusion coefficient. Three terms on the right hand side of Eq. (4.2) are 
drift, convection and diffusion currents, respectively. Under steady-state conditions, the 
current density must satisfy the charge conservation equation: 
∇ ∙ (𝜌(𝜇?⃗? + ?⃗? ) − 𝐷∇𝜌) = 0 (4-3) 
     Since the drift velocity of ions is usually about two orders of magnitude larger than the 
typical velocity of the gas flow [11], the convective component in the ionic current density 
can be neglected. Hence, the electric field and space charge density will be independent of 
the fluid motion. 
4.2.3 Airflow model 
In order to model the airflow, averaged distributions often provide sufficient information. 
The Reynolds-averaged representation of turbulent flow divides the flow velocity into an 
average component and a fluctuating component,  
𝑢𝑖 = 𝑢?̅? + 𝑢𝑖
′ 
     where 𝑢𝑖 is the component of the velocity vector in the 𝑥𝑖 direction and the mean 
velocity 𝑢?̅? are determined by either time averaging or spatial averaging, depending on the 
flow under study. Moreover, 𝑢𝑖
′ denotes the turbulent part of the velocity.  Decomposition 
of the flow fields into the averaged and the fluctuating component is followed by insertion 
into the Navier-Stokes equation. The Reynolds average Navier-Stokes (RANS) equation 
for an incompressible turbulent flow in the steady-state condition can be written as [19]: 
𝜌
𝜕
𝜕𝑥𝑗
(?̅?𝑖𝑢?̅?) =
𝜕
𝜕𝑥𝑗
{−?̅?𝛿𝑖𝑗 + (𝜇 + 𝜇𝑇) (
𝜕𝑢?̅?
𝜕𝑥𝑗
+
𝜕𝑢?̅?
𝜕𝑥𝑖
) −
2
3
𝜌𝑘𝛿𝑖𝑗} + 𝐹 (4-4) 
     where 𝜌 is the gas density, 𝑝 is the static pressure, 𝛿𝑖𝑗 is the Kronecker delta, 𝜇 is the air 
viscosity, 𝜇𝑇 is the eddy-viscosity representing Reynolds stress tensor, and 𝐹 is the external 
body force, in this case equal to the Coulomb force, −ρion∇V. Different techniques can be 
used to capture the value for μT in the model. One of the most well known approaches and 
used in this study is the standard k − ε model. In this version, the value of the eddy 
viscosity is derived using the turbulent kinetic energy (k), and the turbulent dissipation rate 
(ε). The detailed formulation to calculate the velocity has been provided in [20, 21]. 
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4.2.4 Boundary conditions 
The problem of the corona discharge is governed by two partial differential equations with 
unknown electric potential and space charge density. The boundary conditions for the 
potential are straightforward: a given DC electric potential (Vap) on the corona electrode 
and zero potential on the grounded planes [16]. However, formulation of proper boundary 
conditions for the space charge density is not so easy because the ionization layer has been 
neglected. One possible approach is to use Kaptzov’s hypothesis which assumes that when 
the corona discharge occurs at some point on the electrode, the electric field at this point 
remains at the corona onset value. Peek’s equation is used to find the onset level in air [18]: 
𝐸0 = 3.1 × 10
6𝛿 (1 +
0.308
√𝛿𝑅
) [
𝑉
𝑚
] (4-5) 
     where R is the electrode radius in cm, and δ is a coefficient depending to pressure and 
temperature.  
     It must be emphasized that Peek’s equation can be used only if the electric field is the 
same at all the points on the discharge electrode and the values of the charge density should 
be selected in order to satisfy the Kaptzov condition. The initial value for the space charge 
density has to be guessed or taken from the previous solution. After the problem is solved, 
the electric field on the electrode surface is compared with Peek’s value and the electric 
charge updated. While some well-established techniques are often advised, here the 
following simple formula has been used to update the space charge density on the surface 
of corona electrode [18]: 
(𝜌𝑐)𝑛𝑒𝑤 = (𝜌𝑐)𝑜𝑙𝑑 + 𝛽(𝐸 − 𝐸0) (4-6) 
     where β is an experimentally found constant and E is the actual value of the electric 
field. Practically, this approach provides an indirect boundary condition for the space 
charge density. Its distribution on the corona electrode surface is iterated until the corona 
electrode electric field is sufficiently close to Peek’s value.  
     The boundary conditions for the airflow are straightforward: two collecting plates and 
the wire surface act as stationary walls. The outside boundary of the domain is defined as 
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the velocity inlet and outflow. Since the computational domain is open in this area, the air 
is free to flow in both directions. All boundary conditions are summarized in Table 4.1. 
TABLE 4.1 
Boundary conditions for the EHD pump model 
Edge Electric potential Airflow 
Inlet 
𝜕𝑉
𝜕𝑛
= 0 Inlet velocity  
Outlet 
𝜕𝑉
𝜕𝑛
= 0 Outlet pressure (outflow) 
Grounded electrodes 𝑉 = 0 
No-slip sidewalls  
(𝑢𝑥 = 0, 𝑢𝑦 = 0) 
Corona wire 𝑉 = 𝑉𝑎𝑝 
No-slip sidewalls 
(𝑢𝑥 = 0, 𝑢𝑦 = 0) 
4.3 Numerical Algorithm 
An iterative numerical algorithm for the EHD gas pump simulation has been developed. 
The simulation starts from some initial guess of the space charge density and then the FEM 
is employed to obtain the Poissonian component of the electric potential. Using the values 
of calculated electric field, the new charge density distribution is obtained. For the charge 
transport model a partial differential equation was employed and artificial diffusion has 
been added to obtain a stable algorithm. After convergence is reached in the corona 
simulation program, the body force is calculated and substituted in Equation (4.4) for the 
airflow simulation. This equation is again solved iteratively and when the residuals of both 
of the velocity components, the turbulence kinetic energy and its rate of dissipation satisfy 
certain minimum conditions the airflow simulation process is terminated. As already 
mentioned, the contribution of the charge convection has been ignored in the electrical 
model because it is small compared to the charge drift. The calculations can provide 
detailed information on the local electrical parameters of the electric discharge, including 
the space charge density, the current density, the electric field, the potential distribution 
and the consumed power. Moreover, the mechanical parameters of the airflow, such as the 
stream functions, path lines, velocity, and the pressure distributions can also be predicted.  
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4.4 Simulation results and discussion 
4.4.1 Electric current 
In this study, the formula for the discharge current is derived for the general electrode 
geometry from the energy balance equation, in which the displacement current is explicitly 
taken into account. For the single species corona model, without considering electrons and 
after a few simplifications, the corona current can be calculated as [22]: 
𝐼 =
1
𝑉𝑎𝑝
∭𝜌𝑐𝜇𝑒?⃗? . 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑣 (4-7) 
     where Es⃗⃗⃗⃗  is the static applied field without the effect of space charge and E⃗  is the field 
considering effect of the space charge. Figure 4.2 shows the numerical results for the 
discharge current per unit length of corona wire as a function of applied voltage for two 
different wall angles:  
 
Figure 4.2: Discharge current per unit length of corona wire for EHD gas pump as a function of 
applied voltage  
For the voltage levels below the onset value (6 kV) there is no space charge and, as a result, 
there is no current in the domain. As the voltage increases above the onset level the total 
corona current increases and agrees with the simplified analysis of Sigmond [23]. We know 
that the voltage onset level depends on the distribution of the electric field intensity just 
around the corona wire. The maximum electric filed intensity occurs on the surface of the 
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corona wire at points facing the ground plate. The maximum charge would be injected from 
those points. Since the distance between the corona wire and the plate is constant and the 
plates are placed far enough from corona wire the current vs. voltage characteristics should 
be nearly the same for different plate angle.  
4.4.2 Flow pattern 
In order to investigate the evolution of the airflow pattern, many authors assume that the 
external airflow velocity is kept at some level and they observe the EHD flow pattern by 
gradually increasing the applied voltage [8, 14]. Since in this investigation the main goal 
is to study the pumping effect, the pressure difference between the inlet and outlet of the 
pump has been kept constant instead. The flow-pattern regime map for different voltages 
applied to the corona wire for the basic model described above is shown in Figure 4.3. In 
this figure the arrow shows the pumping direction from inlet to outlet. 
 
 
 
 
Figure 4.3: Flow patterns under different applied voltage for the same level of pressure difference 
(∆𝐏 = 𝟎. 𝟎𝟐 𝐏𝐚,𝐰𝐚𝐥𝐥 𝐚𝐧𝐠𝐥𝐞 = 𝟑° ) 
     The level of pressure difference for the cases shown in Figure 4.3 has been kept equal 
to 0.02Pa and the process was simulated for the increased applied voltage. For the same 
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level of pressure difference, at a higher level of input voltage a better pumping effect with 
higher level of the outlet velocity might form and consequently the vortices of the flow are 
smaller. Table 4.2 shows the average outlet velocity of the pump for five different values 
of the applied voltage.  
TABLE 4.2 
Average outlet velocity for the same pressure difference (∆𝐏 = 𝟎. 𝟎𝟐 𝐏𝐚) for the basic configuration 
Applied voltage 
(kV) 
Average outlet 
velocity (m/s) 
8 0.0744 
9 0.126 
11 0.234 
12 0.262 
14 0.295 
      It should be noted that in this study air at room temperature and atmospheric pressure 
was assumed and the average mobility of the ions is considered to be 2.2 ×
10−4 (𝑚2 𝑉. 𝑠⁄ ), while in the real experiments this term may be dependent on the 
environmental conditions. In real cases the charge carriers might include heavier ions with 
smaller mobility, which will have greater effect on the air flow resulting in higher 
velocities.      
4.4.3 Pressure vs. velocity characteristics 
EHD pumps are characterized by two main parameters: velocity and pressure. The velocity 
through a channel between the inlet and outlet depends on the pressure difference across 
the pump, but this pressure is also controlled by the flow path outside of the pump. 
Therefore, a pump at a specific level of voltage is characterized by the velocity vs. pressure 
characteristics. It has been found that there is an analogy between the velocity vs. pressure 
characteristics of a pump and the current vs. voltage characteristics of a voltage source. 
The two main points on the current vs. voltage characteristics of a real voltage source are 
the short circuit current and the open circuit voltage. To derive the velocity vs. pressure 
curve of the pump, the same philosophy can be used. By assuming zero pressure difference 
between the inlet and outlet of the pump, the short circuited condition is modeled and the 
maximum velocity inside the pump can be determined. On the other hand, blocking the 
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pump, i.e. velocity equal to zero on the inlet and outlet is analogous to the open circuit 
condition and the pressure difference between the two sides of the pump reaches its 
maximum. 
 
 
Figure 4.4: Short circuit and blocked mode of the EHD pump (𝐰𝐚𝐥𝐥 𝐚𝐧𝐠𝐥𝐞 = 𝟑°) 
     Figure 4.4 shows these two modes of operation for the modeled pump. For ∆𝑃 = 0, 
which in real condition corresponds to the case of a cascade of pumps forming a closed 
loop, the maximum capacity of the pump is observed and the velocity at the outlet reaches 
its maximum level. When both inlet and outlet are blocked; 𝑢 = 0; four vortices are formed 
in the pump and the maximum pressure difference can be observed.  By varying the 
pressure difference from zero up to this maximum value, the entire pump characteristics 
can be derived for a specific level of the applied voltage.  
     Figure 4.5 shows the variation of the flow pattern in the basic described model by 
increasing the reverse pressure for the same applied voltage equal to 8 kV. By increasing 
the reverse pressure, the flow velocity is reduced and eventually it is completely blocked, 
when the reverse pressure is equal to maximum pressure difference generated by the pump. 
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Figure 4.5: Flow patterns of the pump by changing the reverse pressure from zero up to maximum 
pressure for the same level of wire voltage (𝐰𝐚𝐥𝐥 𝐚𝐧𝐠𝐥𝐞 = 𝟑°) 
     Robinson [11] has analytically proven that the relation between velocity and current is: 
𝑢 = 𝐶1√𝐼  (4-8) 
     where C1 is the coefficient including loss, and geometry coefficients, and I is the corona 
current. Moreover, the relation between the current and the applied voltage has been 
derived in [11, 18, and 23] as: 
𝐼 = 𝐶2𝑉 × (𝑉 − 𝑉0)  (4-9) 
     where C2 is the coefficient and V is the applied voltage above the corona onset level. 
For voltages much higher than the corona onset voltage the Eq. (4.9) can be rewritten as: 
𝐼 ≈ 𝐶2𝑉
2  (4-10) 
     By merging Eq. (4.8) and (4.10): 
𝑢 ∝ 𝑉 
     Moreover, air will move through the EHD pump at the velocity at which the forward 
electrical pressure is matched by the aerodynamic back pressure. The latter quantity may 
be expressed as [11]: 
 𝑃 ≈ 𝐶3𝑢
2  (4-11) 
     where 𝐶3 is the coefficient and P is the pressure. 
     Therefore, it can be concluded that: 
𝑃 ∝ 𝑢2 ∝ 𝑉2 
Figure 4.6 shows the velocity vs. pressure characteristics of the studied pump for five 
different levels of the input voltage. 
87 
 
 
Figure 4.6: Predicted pressure vs. velocity characteristics for different levels of the applied voltage 
      The following can be concluded from this graph: 
1) A higher input voltage produces a better pumping effect with a higher maximum 
velocity and a larger pressure difference. 
2) The maximum velocity varies linearly with the applied voltage. 
3) The maximum pressure varies as the square function of the applied voltage. 
     This relationship between the maximum pressure difference and the input voltage can 
be supported by the fact that the pressure difference is proportional to the momentum of 
air molecules in the channel and the kinetic energy’s formula is a function of the velocity 
square: 
𝑃 ∝ 𝐾𝑖𝑛𝑒𝑛𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 ∝  𝑢2 
Knowing that: 
𝑢 ∝ 𝑉 →  
𝑢1
𝑢2
=
𝑉1
𝑉2
 
Therefore,         
𝑃1
𝑃2
= (
𝑢1
𝑢2
)
2
= (
𝑉1
𝑉2
)
2
 
     However, it must be noted that all the formulation in this section are based on the results 
for 2D model and for the full 3D model other factors might affect the velocity vs. pressure 
characteristics.   
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4.4.4 Efficiency 
From the velocity profiles, the gas kinetic power and then the electromechanical efficiency 
of such a system may be calculated. Different techniques for computing the mechanical 
energy have been presented by Moreau [24]. The following formulations are used in this 
study in order to find the efficiency of the pump. The total current of the system can be 
derived from Eq. (4.7). Therefore, the consumed electric power is: 
𝑃𝑒𝑙𝑒𝑐 = 𝑉𝑎𝑝𝐼[𝑊] (4-12) 
     One problem of the previous models for the efficiency calculations [23] is that they do 
not consider the velocity variations inside the pump. In this work we suggest an approach, 
which can handle this. The mechanical power at the outlet which represents the real 
pumping effect is calculated. Under the assumption of a stationary flow, the mechanical 
power corresponds to the kinetic energy flow rate and may be expressed by: 
𝑃𝑚𝑒𝑐ℎ (𝑜𝑢𝑡𝑓𝑙𝑜𝑤) = ∫ 0.5𝑤𝜌𝑉
3𝑑𝑦 [𝑊] 
𝐻
0
  (4-13) 
     where 𝐻 and 𝑤 are the height and the width of the pump, respectively.  
     The electro-mechanical efficiency of the pump is given by: 
𝜂 =
𝑃𝑚𝑒𝑐ℎ
𝑃𝑒𝑙𝑒𝑐
× 100 % 
     Table 4.3 shows the variation of the system efficiency for different levels of the voltage 
and the 3° tilt of the wall angle. 
TABLE 4.3 
Total energy conversion and efficiency of the pump  
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑘𝑉) 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝜇𝐴) 𝑃𝑒𝑙𝑒𝑐(𝑊) 𝑃𝑚𝑒𝑐ℎ,𝑜𝑢𝑡𝑓𝑙𝑜𝑤 (𝜇𝑊) 𝜂(%) 
8 81.92 0.66 1 1.5e-4 
9 130.5 1.17 4.3 3.7e-4 
11 237.2 2.61 20 7.7e-4 
12 296.8 3.56 31.6 8.9e-4 
14 435.9 6.10 55.08 9e-4 
     Although, the electrical power consumption is fairly small, the maximum efficiency of 
the basic model for 3° wall angle is in order of 0.001%. Comparing the results from the 
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simulation with experimental data from other corona configurations shows that the derived 
efficiencies are much smaller than that for these experimental pumps. Although, this value 
is highly dependent on the configuration, dimensions of the pump and the voltage level, 
the differences are still higher than expected. It should be noted that in real experimental 
conditions, not all the ions have the mobility of negative O2 ion, equal to 2.2 ×
10−4 (𝑚2 𝑉. 𝑠⁄ ). Some may, for example, consist of clusters of the water molecules, which 
have much smaller mobility [25]. At the same level of charge, heavier ions would cause 
stronger effect on the velocity profile and, as a result, the output mechanical power would 
be larger. This effect can be modeled by assuming a smaller effective mobility. It was 
found that for assumed smaller ion mobility in this case equal to 1.5× 10−4 (𝑚2 𝑉. 𝑠⁄ )  the 
efficiency of the pump can reach 0.01% for the same configuration as above.  
4.4.5 Wall angle effect 
Up to this point all the simulations have been done for the configuration with 3° tilt of the 
wall angle. In order to investigate the effect of this angle, the problem was also simulated 
for different wall angles. As before, the corona wire is always centered between the 
grounded electrodes and at the fixed horizontal distance from the pump outlet.  All the 
simulations in this section have been performed for the fixed level of the supply voltage 
equal to 8kV. The velocity streamlines for the different wall angles and at the case of ∆P =
0 are shown in Figure 4.7. 
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Figure 4.7: Flow streamlines for different wall angles at V=8 kV and ∆𝐏 = 𝟎 
     The flow streamlines give us a very good understanding of the pump operation. At a 
very small wall angle, the plates are nearly parallel and it is obvious that the pumping effect 
is weak with two vortices upstream and two others downstream the corona wire. As the 
wall angle increases up to some level, two vortices downstream the corona wire disappear 
and two upstream the wire get smaller, which results in an improved pumping effect. After 
further increasing the wall angle, the two vortices upstream the corona wire again get 
bigger and this somehow weakens the pumping effect. Obviously, as it was already pointed 
out, the size of the wakes have a direct relation with the workable kinetic energy. Bigger 
vortices store greater energy and this is the energy loss in the system that cannot be used 
for pressure generation. The effect of the wall angle on the maximum velocity, the 
maximum pressure difference and the maximum flow rate has been summarized in Table 
4.4. 
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TABLE 4.4 
Wall angle effect on velocity, pressure and air flow rate 
Wall angle  
Pressure difference 
∆𝑃[𝑃𝑎] (𝑢 = 0) 
Outlet velocity  
 [𝑚 𝑠⁄ ] (∆𝑃 = 0) 
Volumetric flow 
rate [𝐿 𝑚𝑖𝑛⁄ ] 
1° 0.009 0.082 3 
2° 0.014 0.128 4.13 
3° 0.027 0.196 5.48 
4° 0.040 0.259 6.13 
5° 0.050 0.272 5.32 
7° 0.067 0.308 3.45 
     Table 4.4 shows that the maximum velocity and the maximum pressure difference at 
the pump outlet increases with increasing the wall angle. On the other hand, the flow rate 
reaches the maximum level at around 4° angle and then it starts to decrease at higher values 
of the wall angle. Therefore, there is an optimum value for the wall angle for which the 
pump produces the largest volumetric flow rate. The gas flow rate is related to the outflow 
velocity and the outlet cross section: 
𝑀 [
𝐿
𝑚𝑖𝑛
] = 𝑉 [
𝑚
𝑠
] × 𝐴[𝑚2] × 6 × 104 
     For two different wall angles at the same level of the input voltage and for the same 
channel width the relation between two flow rates is: 
𝑀1
𝑀2
=
𝑉1
𝑉2
×
10 − 60 ∗ sin (𝛼1)
10 − 60 ∗ sin (𝛼2)
 
     By increasing the wall angle the output velocity increases, but at the same time the outlet 
height of the pump gets smaller. As a result, there is the maximum of the flow versus wall 
angle curve at some point near 4° angle.   
4.4.6 Conclusions 
In this chapter, the results of a numerical simulation of the EHD pump have been presented 
for the pump model based on a single-species corona discharge model. The governing 
equations considering the electric field, charge transport and the gas motion were solved. 
For the charge transport an artificial diffusion has been added to obtain a stable algorithm. 
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The main objectives of this study were the investigation on both the electrical behavior of 
the system including the electric field intensity, the space charge distribution and the total 
corona current in addition to the mechanical properties of the system, including the velocity 
vs. pressure characteristics of the pump, the velocity streamlines. From this it was possible 
to derive the optimum configuration and the efficiency of the system. The results show 
that: 
a) At the same level of the pressure difference a higher voltage results in a higher 
outlet velocity and a better pumping effect. 
b) An analogy was found between the EHD pump and the real voltage source in order 
to capture the velocity vs. pressure characteristics of the pump, based on the short 
circuit and open circuit tests. 
c) The maximum velocity of the pump varies linearly with the applied voltage and the 
maximum pressure difference is a square function of the applied voltage. 
d) Mechanical power converted in the channel is found to be much smaller than the 
input power. The efficiency of the system is in the order of 0.001%. It was found 
that the efficiency of the system increases by considering heavier ions with smaller 
mobilities. 
e) For the assumed pump length and the vertical distance between corona wire and 
ground plates, an optimum wall angle of the pump considering the maximum 
volumetric gas flow rate is about the 4°.  
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Chapter 5  
5 Numerical Modeling of Electrohydrodynamic 
Interactions in the Boundary Layer of Air Flows 
In this study, the physics of a 2D corona system is numerically simulated in order to study 
the physical mechanisms associated with the DC corona discharge to actively modify low-
velocity airflow along a flat plate. The model involves mutual interaction between the 
electric field, space charge density and gas flow. A single species model for positive corona 
discharge has been developed in this study. Velocity profiles within the boundary layer of 
the flat plate are presented for a free air stream velocity up to a few meters per second. The 
effect of voltage level and inlet air velocity on the electrical current level has been 
discussed. The numerical model was used to investigate the air control characteristics of 
the corona actuator as a function of voltage and plate orientation. Their effects on the 
mechanical drag and electro-kinetic efficiency were also studied. The results show that the 
velocity of the ionic wind at the wall increases with applied voltage and the EHD actuator 
causes a drag reduction. 
5.1 Introduction 
When a voltage above the corona onset level is applied between two electrodes, ions are 
created in the ionization layer and they drift from the high voltage electrode towards the 
grounded electrode due to the Coulomb force. The whole process involves mutual 
interaction between an electric field, ionic space charge and gas flow. This phenomenon of 
inducing the gas motion by corona discharge is known as the electric wind, corona wind 
or secondary electrohydrodynamic (EHD) flow [1]. The studies for utilizing high voltage 
discharge induced EHD applications have been conducted in a variety of fields, such as air 
flow control [2-4], separation control over airfoils [5], cooling of electronic circuits, dust 
particle collections, etc. [6, 7]. The main advantage of this process is that it directly 
converts electrical energy into kinetic energy of moving gas without any mechanical 
elements. The gas motion generated by corona discharge could be used to modify the 
airflow profile, or to control the laminar-turbulent transition regime around exposed 
obstacles. This objective can be achieved by controlling the airflow velocity magnitude in 
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the layer very close to the surface of the object. By using EHD, fluid motion shows a better 
mechanical behavior and improved flow stability by eliminating unsteadiness, unwanted 
vibrations, noise and losses [8-11].  
     For the past several decades, experimental and analytical investigations have been 
conducted to study the EHD phenomena for the boundary layer control. Experimental 
investigations of velocity distributions in the EHD flow have been carried out using various 
techniques, such as particle-image velocimetry (PIV) [12, 13]. Léger in [8] has conducted 
a series of measurements by PIV techniques in order to determine the influence of a DC 
corona discharge established between a wire and a grounded plane electrode on the 
properties of airflow around a flat plate for different angle of attack. Results showed that 
the kinetic energy induced by the ionic wind inside the boundary layer allows a reduction 
of the drag force for low external velocities. However, in their experimental set-up, the 
effect of the corona discharge did not take place as close to the wall as desired, probably 
because of the not optimized configuration.  
     Electrodes placed on the surface can be viewed as a form of surface roughness. Such 
roughness contributes to the drag formation directly through re-arrangement of the flow 
field, and indirectly through changes in the laminar-turbulent transition process. Effect of 
roughness geometry can be captured using the reduced-order geometry model [14, 15] and 
its proper distribution can lead to drag reduction [16- 19]. It might also be possible to 
combine the effect of plasma injection with the proper electrode distribution to take 
advantage of both drag reducing effects. 
     Study on different electrode configurations was investigated in detail [20] and the 
configuration which showed the best performance consisted of two wires with different 
radii of curvature as anode and cathode placed inside a groove downstream on the plate. 
Finally, an experimental study was performed [21] in order to investigate the influence of 
the external velocity on system performance for velocities up to 25m/s. It has been noted 
that the corona system has lower impact on the higher external velocities. However, a 
significant drag reduction has been measured even at higher velocities. Another interesting 
result of this study was the relation between the inlet velocity and the discharge current. It 
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has been claimed that the discharge current could double in some cases by increasing the 
external velocity. In almost all the experimental investigations an ionic wind of several 
meters per second was reported; it contributed to enhance the velocity profile and 
consequently drag reduction. Study on AC corona discharge was carried out by Soetomo 
[22], who experimentally observed a drag reduction effect induced by AC and DC corona 
discharges along a flat plate in the case of flow velocities up to 2m/s.  
     Series of numerical studies on the boundary layer control based on previous experiments 
were done by Colver [23-25]. Important aspect of the study is the ability of the model to 
consider ion deposition and removal on the plate surface assuming a uniform small surface 
conductivity. Therefore, the positive ions can migrate along the plate surface. The 
development of a corona discharge was evaluated numerically over a finite region of a 
semi-infinite flat plate in the presence of flowing gas. In this study the authors used the 
Finite Difference Method (FDM) to solve the problem using a simple discretization of the 
computational domain. Because the corona discharge has a strongly non uniform behavior 
around the corona wire, alternative numerical techniques, like the Finite Element Method 
(FEM), might be more useful. Moreover, this study was limited to low-velocity airflows. 
     Until now, the published articles have been based either on experimental investigations 
or simplified numerical techniques. The aim of this paper is to numerically investigate the 
electrical and mechanical properties of the corona system around a flat plate using FEM. 
In order to simulate the model, a single species model for a DC positive input voltage is 
presented in this paper. In the case of a DC positive-corona discharge, positive ions 
produced at the anode collide with neutral gas molecules and exchange their momentum. 
The governing equations: the Poisson equation for electric field, continuity equation for 
charge transport and the momentum equation for flow pattern using a turbulent model were 
solved using the FEM with a highly non-uniform mesh distribution. The equation for the 
total force on the air in the boundary layer including the effect of the electrostatic body 
force is developed in this study. The efficiency of the system has been calculated by 
defining a control volume contour around the corona wire. The effect of voltage level on 
the velocity profile and the effect of external velocity on the discharge current as well as a 
study on the tilted configuration have been done. Results show the drag reduction occurs 
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even at higher velocities, but the corona system has a smaller effect at the higher external 
velocities and the efficiency of the system decreases at higher voltage levels. 
 
5.2 Model description  
5.2.1 Geometry 
Figure 5.1 shows the two-dimensional model of a flat plate with corona and grounded wires 
mounted on the insulating surface. It must be noted that the electrodes should be placed in 
a way to perturb the flow as minimum as possible when the discharge is not acting on the 
airflow, and the corona system should have the ability to create a tangential EHD force in 
close vicinity to the wall. In order to fulfill those requirements the corona system was 
assumed to consist of two electrodes placed on the insulating surface of the plate. The 
values for the corona and grounded wire thickness, and the distance between these two 
wires are the same as it was reported by Moreau [21]. The corona wire consists of a 0.7mm 
diameter copper wire electrode mounted on the surface of the plate and located 10cm 
downstream of the leading edge. The cathode is a 2mm diameter wire, located 4cm 
downstream of the corona wire.  
 
Figure 5.1: Configuration for the corona wire and grounded wire 
5.2.2 Boundary layer  
When a viscous fluid flows along a rigid surface, an essential condition is that the velocity 
at any point on the wall is zero. If the viscosity is small without being negligible, the 
modifying effect appears to be confined within narrow regions adjacent to the solid 
surfaces called the boundary layer. The flow adjacent to the plate is retarded and the 
velocity gradually grows from zero to the free-stream value at some distance from the wall 
[26]. Let’s consider a homogeneous free-stream flow with speed 𝑈∞ parallel to an infinitely 
thin, flat plate located along the positive x-axis (Figure 5.2).   
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Figure 5.2: Flow over a flat plate 
     It has been shown that the boundary layer thickness, which is the distance between the 
surface and the point where the velocity is equal free-stream value, is proportional to the 
square root of the kinematic viscosity [26]. Since the effect of the viscosity in the boundary 
layer decreases as we move outward from the wall, the boundary layer thickness at any 
point on the plate would depend on the distance of the point from the leading edge of the 
plate. Details of the formulations and the numerical techniques for solving this equation 
have been published in numerous articles [26, 27]. Generally, if the boundary layer 
thickness being defined as the point that the velocity of the position is equal to 99 percent 
of the free air velocity, it has been shown that the boundary layer thickness on the flat plate 
would be equal to [26]: 


U
x
x
.
0.5)(99


  (5-1) 
     Where 𝜌 is the fluid density, 𝜇 is the dynamic viscosity of the fluid, and 𝑥 is the distance 
from leading edge. This x-dependent value will be used later on for the drag force 
formulation. 
5.2.3 Fluid flow model 
Detailed descriptions of the governing equations are given in [26]. The summary of the 
equations of motion for the two-dimensional flow are: 
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     In this case Equation (5.2) could be simplified since the simulation is in steady state 
condition. Moreover, for the flow along a plate parallel to the stream velocity, it was 
assumed there is no pressure gradient, so the momentum equation in the x direction for 
steady motion in the boundary layer is: 
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     where 𝑢 and 𝑣 are the velocity components in the 𝑥 and 𝑦 directions, respectively, 𝜆 is 
the fluid kinematic viscosity, Ex is the electric field strength in the 𝑥 direction, and 𝜌𝑐 is 
the positive ion charge density. To solve the system of equations above we need to specify 
initial and boundary conditions. At the plate surface there is no flow across it, which 
implies that: 
0v at 0y  
     Due to the viscosity we have the no slip condition at the plate. In other words, 
0u at 0y  
    At infinity, outside the boundary layer and away from the plate, we have 
Uu as y  
5.2.4 Electrical model 
A full dynamic model of the corona discharge is quite complicated, because it involves 
many ionic species and reactions [28]. In order to investigate EHD effects of the corona 
discharge a much simpler single species model is usually sufficient. The physics and 
governing equations for modeling this model have been well established in the literature 
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[29]. In the model used in this paper, the ionization layer around the corona wire has been 
neglected, and the ions, with the same polarity as the polarity of the wire voltage, are 
assumed to be injected from the corona electrode surface, accelerated by the Coulomb force 
and transported toward the ground electrode. This means that the electric field, space 
charge and gas flow are involved in the governing equations. Poisson’s equation governs 
the electric potential, and consequently the electric field intensity distribution for a given 
charge distribution [30]: 

cV 2  
(5-4) 
     The charge drift creates the electric current with a density defined as: 
cec DuEJ   )(

 (5-5) 
     where 𝐽  is the electric current density, ?⃗?  is the electric field intensity, ?⃗?  is the gas 
velocity, 𝜀 is the gas permittivity, 𝜇𝑒 is the mobility of ions and D is the ions diffusion 
coefficient. Three terms on the right hand side of Equation (5.5) are drift, convection and 
diffusion currents, respectively. Under steady-state conditions, the current density must 
satisfy the charge conservation equation: 
0))((  cec DuE 
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(5-6) 
     Generally, since the drift velocity of ions is usually about two orders of magnitude larger 
than the typical velocity of the gas flow [31], the convective component in the ionic current 
density can be neglected. As a result the electric field and space charge density will be 
independent of the fluid motion. However, in this study in the glow discharge regime we 
are interested to see the effect of the flow velocity rate on the current level; so, a fully 
coupled model has been developed.  
     The problem of the corona discharge is governed by two partial differential equations 
with unknown electric potential and space charge density. The boundary conditions for the 
potential are straightforward: a given DC electric potential (Vap) on the corona electrode 
and zero potential on the grounded planes [29]. However, formulation of proper boundary 
conditions for the space charge density is not so easy because the ionization layer has been 
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neglected. One possible approach is to use Kaptzov’s hypothesis which assumes that when 
the corona discharge occurs at some point on the electrode, the electric field at this point 
remains at the corona onset value. Peek’s equation is used to find the onset level in air [29]: 
])[
308.0
1(101.3 60
m
V
R
E   
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     where R is the electrode radius in cm.  
     It must be emphasized that Peek’s equation can be used only if the electric field is the 
same at all the points on the discharge electrode and the values of the charge density should 
be selected in order to satisfy the Kaptzov condition. The initial value for the space charge 
density has to be guessed or taken from the previous solution. After the problem is solved, 
the electric field on the electrode surface is compared with Peek’s value and the electric 
charge updated. While some more elegant techniques are often advised, here the following 
simple formula has been used to update the space charge density on the surface of corona 
electrode [29]: 
)( 0EE
old
c
new
c    (5-8) 
     where 𝛽 is an experimentally found constant and E is the actual value of the electric 
field. Practically, this approach provides an indirect boundary condition for the space 
charge density. Its distribution on the corona electrode surface is iterated until the corona 
electrode electric field is sufficiently close to Peek’s value.  
5.3 Numerical method 
It must be noted that the ionic wind in this case is mainly caused by the ion drift and 
electrons have negligible effect due to their small mass compared to the ion mass. 
Therefore, an iterative numerical algorithm based on a single species model for the 
boundary layer control simulation has been developed. The simulation starts from some 
initial guess of the space charge density, velocity component and then the conventional 
FEM procedure is employed to obtain the Poisson component of the electric potential. For 
the charge transport model a partial differential equation is solved, but an artificial 
diffusion has been added to obtain a stable algorithm. After calculating the potential 
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distribution, the electric field is calculated by differentiating the potential distribution. 
Using the values of calculated electric field, the new charge density distribution is obtained. 
This process continues and the iterative algorithm also updates the injected charge density 
on the corona electrode surface until the electric field values are sufficiently close to Peek’s 
value. After convergence is reached in the corona simulation program, the body force is 
calculated and substituted in Eq. (5.3) for the airflow simulation. This equation is again 
solved iteratively and when the residuals of both of the velocity components, the turbulence 
kinetic energy and its rate of dissipation satisfy certain minimum conditions the airflow 
simulation process is terminated. At this point, the new values for velocity components 
need to be entered into the charge continuity equation and the whole process will continue 
to the point that all variables satisfy a certain error criterion. The calculations can provide 
detailed information on the local electrical parameters of the electric discharge, including 
the space charge density, the current density, the electric field, the potential distribution 
and the consumed power. Moreover, the mechanical parameters of the airflow, such as 
velocity, the pressure distributions and drag force can also be calculated.  
5.4 Results and discussion 
5.4.1 Current 
In this study, the formula for the discharge current is derived for the general electrode 
geometry from the energy balance equation, in which the displacement current is explicitly 
taken into account. For the single species corona model, without considering electrons and 
after a few simplifications, the corona current can be calculated as [32]: 
 dvEE
V
I sec
ap
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     where 
sE

is the static applied field without the effect of space charge and E

is the field 
considering effect of the space charge.  
     Figure 5.3 shows the numerical results for the discharge current per unit length of 
corona wire as a function of applied voltage for zero input velocity. In order to check the 
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accuracy of the model, the numerical results have been compared with the experimental 
results [21]. 
 
Figure 5.3: Corona discharge current versus voltage 
     For the voltage levels below the onset value (22 kV) there is no space charge and, as a 
result, there is no current in the domain. As the voltage increases above the onset level the 
total corona current increases and agrees with the simplified analysis of Sigmond [33]. One 
of the issues that need to be addressed is the effect of the gas velocity on the discharge 
current level, and whether it has a major effect in the glow regime velocity range or not. 
Moreau [21] has studied the effect of free air velocity on the current level for both glow 
discharge and streamer regimes. It has been mentioned that in the configurations used in 
their study, the glow regime is preferable, and the streamer regime appears when the 
ambient air humidity and the free air stream velocity are higher than some threshold values. 
Based on their results below 12m/s the discharge is of the glow type, while above 12m/s it 
becomes the streamer discharge. They have shown that by increasing the free air velocity 
(U∞) the discharge current increases almost linearly due to the convection of positive ions 
by the airflow from the anode to the cathode. In our computational model, there is some 
effect of the ion convection on the current density level; however, for the velocity spectrum 
that we have studied, the current density at 12m/s is not more than 6% higher than that at 
the zero velocity. Moreover, El-Khabiry and Colver [25] have presented a graph which 
shows the effect of the air velocity on the current magnitude for 0 and 15m/s. In their work, 
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even for such big input velocities, the corona current for 15m/s, which supposedly is in the 
streamer regime, is only about 20% higher than for zero stream velocity. By looking at the 
results presented by Moreau et al. [21] up to 12m/s the rate of the current increase is very 
smooth and the slope of the current versus velocity curve is small. However, when the 
velocity is larger than 12m/s, the velocity effect on the current level is much stronger. 
Apparently, effect of the free air velocity on the current level would be strong when the 
regime of operation will change from the glow discharge to the streamer discharge.  
5.4.2 Velocity profile 
In order to study the corona effect the velocity profile for inlet velocity equal to 2m/s has 
been shown in Figure 5.4 for a system with/without corona discharge. The effect of the 
corona generated EHD flow on the air flow in the boundary layer is clearly visible: the 
velocity streamlines would be attracted to the area close to the surface and re-emerging as 
a wall jet. By using this feature, momentum would be injected in regions of boundary layer. 
Depending on the geometry and the configuration of the corona electrodes, the corona 
discharge contributes up to a few meters per second to the velocity profile enhancement.   
 
Figure 5.4: Velocity profile for the system with/without corona at x=1cm ahead of corona wire 
forU∞=2 m/s. 
     After increasing the velocity level, this type of pattern, where the maximum velocity is 
greater than the input velocity, is not dominant anymore. Figure 5.5 compares the velocity 
profiles for different input velocities up to 12m/s. As it can be seen, up to 5m/s there is still 
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an overshoot pattern for the velocity profile with corona discharge effect. However, for 
higher velocity levels, for example 10 or 12 m/s, the velocity profile for the system with 
corona is nearly the same as for the system without discharge, and the only effect of corona 
discharge is to increase the velocity level close to the surface of the solid wall, which, as it 
will be discussed later, results in a smaller drag force level. From Figure 5.5 it can also be 
noted that the corona system has a smaller effect at higher input velocities. It can be 
described by the fact that the discharge energy is almost constant for different air velocities 
while the energy of the airflow in these regions increases with its velocity. 
 
Figure 5.5: Velocity profiles without discharge (□) and with corona discharge (■) at x=1cm forU∞=2, 
5, 10 and 12 m/s.  
     Obviously, the velocity profiles are different for different x positions. Figure 5.6 shows 
the velocity profiles for input voltage equal to 38kV and different x positions ahead of the 
corona wire, assuming the input velocity value 𝑈∞=1m/s. 
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Figure 5.6: Velocity profiles induced by corona discharge for the input voltage 38kV for different x 
values 
     At points closer to the corona wire the body force is greater and the effect of corona 
discharge on the velocity profile is more pronounced, while at distances further from 
corona wire the maximum velocity level and the effect on the velocity profile decreases. 
However, the electric corona discharge always improves the velocity profile for all points 
along the x axis as compared with the system without corona discharge.  
5.4.3 Effect of the Voltage Level 
The onset voltage for this configuration is about 22kV. When the applied voltage increases 
above that level, the capability of the system to increase the airflow velocity closer to the 
wall is enhanced. The maximum velocities obtained are 0.89, 1.78, 2.37 and 2.87m/s for 
voltages equal to 26, 30, 34 and 38kV, respectively. This is due to the fact that electric field 
intensity and ionic current is larger at higher voltages and, as a result, the body force is 
higher. Figure 5.7 shows the evolution of the velocity pattern for different applied voltages. 
By looking at this Figure it can be seen that the velocity level close to the wall has the 
maximum value and further from the flat plate it reaches the free stream velocity. In this 
figure the input velocity is equal to zero and the ionic wind is the only effect.  
108 
 
  
(a) (b) 
  
(c)  (d) 
Figure 5.7: Velocity profiles for 𝑼∞ ≈ 𝟎 and different applied voltages (a) 26kV, (b) 30kV, (c) 34 kV, 
(d) 38kV 
     Figure 5.8 shows the velocity distribution along a line normal to the wall at x=1cm 
ahead of the corona wire for different applied voltages. Higher voltages at the same level 
of air stream velocity have a greater effect on the velocity profile close to the flat plate 
surface. 
109 
 
 
Figure 5.8: Velocity profiles induced by the ionic wind along a line normal to the wall for different 
applied voltages at x=1cm ahead of the corona wire 
5.4.4 Total force 
Our goal is to determine the total force acting on air flow in the boundary layer resulted by 
corona discharge. This force is the accumulation of the frictional drag force and the body 
force produced by the corona system. Let us consider the boundary layer developing over 
a flat plate, as shown in Figure 5.9. 
 
Figure 5.9: Boundary layer formation around the flat plate 
     The total force can be found by applying the momentum theorem: 
   
InletOutlet
dyUUwdyUUwF  

  (5-10) 
     where 𝑤 is the plate width. By defining the control volume: 
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     Since U  is constant all over |AP|: 
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   


0
2
0
)cos( dyUwUdywUF  
     For low-viscosity fluids, total force: 
  


0
)( dyUUUwF  
(5-11) 
     Figure 5.10 shows the total force over the flat plate for different input velocity levels at 
38 kV applied voltage. Simulation results confirm the reduction of the total force in the 
velocity levels up to 12m/s. Moreover, it was found that for the velocities up to 3.5 m/s, 
the electrostatic force not only compensates the effect of the drag force but also changes 
the direction of the total force.  
 
Figure 5.10: Total force calculation at x=1 cm ahead of corona wire versus airflow velocity U∞ in 
absence and in presence of the corona discharge 
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     In order to find the total force at x=1cm ahead of corona wire, Eq.(5.11) is applied for 
the section of the velocity distribution up to the point when the velocity reaches its steady 
state value. For the system with corona effect up to 3.5m/s, velocity reaches a maximum 
value larger than 𝑈∞ , and then it starts to decrease to the point that it is nearly equal to 
input velocity. So, the value of (U∞-U) in Eq. (5.11) would be negative in almost all the 
points on the graph with corona, while it is positive for almost all the points on the graph 
for the system without corona. As a result the force value for the system with corona is 
negative at those velocity levels. 
5.4.5 Efficiency 
The purpose of using electric discharge is to convert electrical energy into kinetic energy 
inside the boundary layer in order to accelerate the flow close to the wall. From the velocity 
profiles, the gas kinetic power and then the electromechanical efficiency of the investigated 
system may be calculated. The total current of the system can be derived from Eq. (5.9). 
Therefore, the consumed electric power is: 
][. WIVP apelec   (5-12) 
     In order to find the efficiency of the model, the same algorithm as presented by Moreau 
[21], has been used in this study. The concept is that that a control volume has been defined 
at a certain distance upstream and downstream of the corona wire. It was proven that the 
total power loss could be calculated from: 
outletinlet
loss dynUUwdynUUwP 











 

.
2
1
.
2
1 22   
(5-13) 
     The total electrical power converted to the mechanical power could be calculated from: 
   
onlossofflossmech
PPP   (5-14) 
     The mechanical power added to the airflow by the electrical discharge thus corresponds 
to the power loss without discharge  
offloss
P  minus the power loss with discharge  onlossP . 
Then, the efficiency is defined as:  
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     Figure 5.11 shows the efficiency of the electrokinetic energy conversion for the free air 
velocity equal to 5m/s. It is obvious that the higher applied voltages result in smaller 
efficiency levels. It was already discussed that the relative effect of the corona discharge 
at higher velocities is smaller than at lower velocities. It also looks that the efficiency has 
a reverse linear relation with the applied voltage. 
 
Figure 5.11: Efficiency versus applied voltage for 𝑼∞=5 m/s. 
5.4.6 Angle of attack 
In Figure 5.12, we can see the airflow around the flat plate with zero,10°and 20° degree of 
orientation with a free airstream velocity 0.5m/s in the absence and presence of the DC 
discharge. Without the corona effect the air flow separates from the wall at the leading 
edge, forming a significant wake just above the flat plate. In the case of corona discharge, 
the airflow is reattached to the wall. This process modifies the laminar–turbulent transition 
inside the boundary layer and reduces the drag. Moreover, this results shows that the DC 
discharge creates the airflow parallel to the wall. 
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(a) 
  
(b) 
  
(c) 
Figure 5.12: Velocity distribution with (left) and without (right) the corona effect for input velocity 
U∞=0.5 m/s and a flat plate at (a)0
°, (b)10°, (c)20°. 
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5.5 Summary 
In this paper, we have studied the use of positive DC corona discharge to control low 
velocity airflow along a flat plate. Velocity profiles within the boundary layer of the flat 
plate have been investigated for air velocities up to 12m/s. For the velocities below this 
value the corona discharge is in the glow regime and the total behavior of the system is 
stable. The corona system consisting two cylindrical wires with different radii mounted on 
the plate surface, which was found to be the most efficient geometry, has been used in this 
study. In the case of free air velocity equal to zero, the ionic wind produced by the corona 
reaches the value of about 2.5m/s.  The current is formed mostly by the drift of ionic 
species, with the diffusion and convection components much smaller. Even though after 
increasing the free air velocity the current density increases, but since for all the simulations 
the discharge is in the glow regime, the current increase is not more than 6%. While in the 
streamer regime the current level would be doubled for an increased free stream velocity.    
     Regardless of the current level, a consistent drag reduction has been shown for velocities 
up to 12m/s. Also, up to some velocity level the forces produced by corona system not only 
compensate the effect of the drag but also changes the force vector direction.  It is shown 
that the effect of the corona discharge at higher free air velocity gets smaller. This 
phenomenon has been illustrated clearly by showing the velocity profiles. Although the 
kinetic energy induced by corona discharge is greater for higher voltage levels, the 
efficiency of the system has a reverse relation with the voltage level. In general, the 
maximum efficiency of such model is about 2%.  
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Chapter 6  
6 Modeling of dielectric barrier discharge actuator for 
airflow control 
In this study, a two-dimensional model of dielectric barrier discharge (DBD) is numerically 
simulated in order to study the ability of such a system to actively modify low-velocity 
airflow along a flat plate. The investigated model involves mutual interaction between the 
electric field, space charge density and gas flow. A single species model valid for either 
positive or negative ions has been adopted for this study. In order to improve our 
understanding of the physical mechanisms associated with the system, velocity profiles 
within the boundary layer of the flat plate are presented for a free air stream velocity up to 
a few meters per second. The effect of voltage and frequency as well as the system 
configuration on the actuator performance has been discussed. The results show the EHD 
actuator can cause a reduction in drag. 
6.1 Introduction 
When a high voltage is applied between two electrodes, ions are produced in air and they 
drift from the discharge electrode to the collector under the Coulomb forces. These ions 
exchange momentum with air molecules and induce a fluid motion, called electro-
hydrodynamic flow (EHD) [1]. It has been proven that the glow discharge at atmospheric 
pressure using a dielectric barrier discharge (DBD) can induce gas flow and operate as an 
actuator for flow control. The plasma jet generated by a DBD actuator is able to alter the 
velocity inside the boundary layer and can modify the interaction between the fluid and 
body surface without any mechanical moving parts [2]. Such EHD phenomenon directly 
converts electric energy into kinetic energy with very small response time compared to the 
characteristic times of the fluid dynamics.  
     There are many articles that review the use of AC surface DBD actuators applied to 
airflow control [2, 3]. The idea of using weakly ionized gas formed at the surface of a 
dielectric material for producing an air jet close to the surface of an insulator was first 
demonstrated by Roth [4]. Later both the electrical and mechanical characteristics of a 
surface DBD were presented and discussed by a few research groups. However, because 
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of its complicated physics, most of the investigations on DBD actuators for flow control 
are experimental in application such as boundary layer flow control [5-8], or flow 
separation control drag reduction [9-11]. Focusing on the instantaneous evolution of the 
velocity at a given point, Forte [12] observed the non-stationary evolution of instantaneous 
velocity for different points. It has been shown that the actuator generates a pulsed induced 
flow at the same frequency as the frequency of the high voltage. In their experiments the 
authors have shown that at points close to the exposed electrode negative corona discharge 
induces higher velocities as compared with the positive corona. It was already revealed that 
the structure of the plasma is not exactly the same during both half cycles [13]. However, 
just a few millimeters downstream of the exposed electrode the experiment shows almost 
the same behavior during both positive and negative half cycles with a very small 
fluctuation of velocity around a mean value. A reason for this decreased difference between 
the two half cycles is that far enough from the exposed electrode, there is no effect of 
electrons and the net body force results from positive and negative ions that have very 
small differences in their mobility.  
     Plasma actuator models can be generally classified into two categories, defined by the 
method in which the charge density is calculated. Several authors tried to model the whole 
process taking into account the chemistry of the discharges in various gases. The chemistry 
based models typically track the chemical species, electrons and ions, solving a set of 
transport equations. Essential features, such as ionization, recombination, and streamer 
propagation, are all included in the model. Based on such a model, Boeuf et al. [14, 15] 
showed that for a sinusoidal voltage, the discharge current consists of short pulses with 
large amplitude along with a low frequency current discharge of the corona type. However, 
the contribution of the low frequency current to the total force may be predominant in 
comparison with the pulse contribution, because the force induced during the corona phases 
acts over a much larger volume and for a longer time. Likhanskii et al. [16] conducted a 
simulation taking into account the chemistry of the discharge including both positive and 
negative ions. This model is capable of accurately resolving and predicting the plasma 
phenomena that occur with plasma actuator operation. Although the chemistry model 
proposed by the authors has the potential to resolve the plasma phenomena directly, the 
computational cost presents a significant limitation in its implementation since the 
120 
 
parameters in the model are non-constant and depend on the electric field intensity. 
Additionally, no investigation has been performed into the solution of this model over 
commonly used kilo hertz frequencies. In order to control the number of pulses happening 
during a half period of voltage, they had to increase the level of frequency up to 100 kHz. 
In most of the existing experiments the working frequency for DBD actuators is between 
a few hundred hertz to a few kilo hertz. Therefore, such an approach can be useful for 
detailed study of some physical processes, but not as a design or optimization tool in 
engineering applications.  
     The researchers interested in engineering applications of DBD often ignore the 
processes in the ionization layer by using algebraic models approximated by the solution 
of the Poisson and charge transport equations. The significant difference between the two 
approaches is that the latter generally requires assumptions on the behavior of either the 
charge density or electric field intensity produced by the actuator. One of the first suggested 
plasma actuator models was proposed by Shyy et al. [17]. In this study, an assumption was 
imposed suggesting that the electric field decays linearly in the horizontal and vertical 
directions from its prescribed maximum value located at the trailing edge of the exposed 
electrode. So, there is no accurate calculation of the spatial charge density, which is 
maintained at a constant value. As we know the plasma charge density is an important 
indicator of force intensity and is highly dependent on the applied electric field; neglecting 
its spatial variance can have a significant effect on the overall force distribution and 
accuracy of the model.  
     A slightly more sophisticated approach was proposed by Suzen et al. [18]. They 
assumed that the charge density on the dielectric surface follows a half Gaussian 
distribution. The maximum value of the half Gaussian distribution is assumed to match the 
experimental flow results. Since this value was defined for the specific actuator geometry 
and is thus constant, this parameter is not able to account for geometrical changes or voltage 
and frequency variation. 
     Based on the description above, in this study the DBD model is numerically simulated 
in order to study the ability of the discharge to actively modify low-velocity airflow along 
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a flat plate. It involves mutual interaction between the electric field, space charge density 
and gas flow. A single species model valid both for positive and negative ions, has been 
developed in this study assuming AC input voltage. Since the ionic wind in this case is 
mainly caused by ions, the effect of the electrons in the model has been ignored. The main 
contribution in this study is that that real time space charge density is calculated to satisfy 
the semi-empirical Peek’s criterion and no other assumptions are made in order to include 
the effect of body force in Navier- Stokes equation. Also, in order to improve our 
understanding of the physical mechanisms associated with the system, velocity profiles 
within the boundary layer of the flat plate are presented for a free air stream velocity up to 
a few meters per second. The effect of the voltage and the frequency level as well as the 
geometrical characteristics of the model on the system performance has been discussed. 
The results show that the EHD actuator causes air drag reduction. This study could help 
researchers in optimization of the actuator. 
6.2 Model description 
The general idea of the DBD actuator is shown in Figure 6.1. The electrodes should be 
placed in a way to minimize the perturbation of the air flow when the discharge is not 
present and the DBD system should have the ability to create a tangential EHD force in 
close vicinity to the wall. In order to fulfill those requirements the DBD system consists of 
two electrodes, one placed on the insulating surface of the plate and exposed to high voltage 
and the other one buried inside the dielectric material and grounded. The exposed electrode 
is a copper strip with rounded edges having 0.02mm curvature radius, 5mm wide mounted 
on the surface of the insulator and located 2mm downstream of the leading edge of the 
plate. The buried electrode has 15mm width and 0.1mm thickness, shifted 4mm away 
downstream of the corona wire. Vertical distance from the grounded electrode to the 
surface of the insulator is 2mm.  
 
Figure 6.1: Idea of DBD actuator (not to scale) 
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     Although, optical measurements of the plasma indicate that it is composed of a series 
of micro discharges, generally in a specific range of the voltage the plasma appears as a 
relatively uniform diffuse discharge. So, instead of the full three dimensional model of the 
system, a 2D model seems accurate enough to govern all essential interactions inside the 
boundary layer. The governing equations for the two-dimensional, single species model 
are as follows: 
6.2.1    Fluid flow model 
Detailed descriptions of the boundary layer governing equations are given in [19]. The 
summary of the equations of motion for high enough Reynolds number and for the two-
dimensional flow are: 
𝜕𝑢
𝜕𝑥
+
𝜕𝑣
𝜕𝑦
= 0 
𝜕𝑢
𝜕𝑡
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𝜕𝑢
𝜕𝑥
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𝜕𝑢
𝜕𝑦
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𝜕𝑥
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−
1
𝜌
𝜕𝑃
𝜕𝑦
= 0 
(6-1) 
     where 𝑢 and 𝑣 are the velocity components in the 𝑥 and 𝑦 directions, respectively, 𝜌 is 
the fluid density, 𝜇 is the dynamic viscosity, 𝜆 =
𝜇
𝜌⁄  is the fluid kinematic viscosity, 𝐸𝑥 is 
the electric field strength in the 𝑥 direction and 𝜌𝑐 is the net ion charge density. 
      To solve the above system of equations it is necessary to specify initial and boundary 
conditions. The fluid flow is run once without effect of the electric field and charge density 
distribution, body force effect and the distribution of the free air velocity in domain is put 
as the initial condition in the fluid flow model. At the plate surface there are no slip 
conditions.  
𝑢 = 0 𝑎𝑛𝑑 𝑣 = 0 𝑎𝑡 𝑦 = 0 
At infinity, outside the boundary layer and away from the plate, the flow is undistorted 
𝑢 → 𝑈∞ 𝑎𝑠 𝑦 → ∞ 
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6.2.2 Electrical model 
    In the model used in this paper, Poisson’s equation governs the electric potential, and 
consequently the electric field intensity distribution, for a given charge distribution [20]: 
∇2𝑉 = −
𝜌𝑐
𝜀
 (6-2) 
     The charge drift creates the electric current with a density defined as: 
𝐽 = 𝜌𝑐(𝜇𝑒?⃗? + ?⃗? ) − 𝐷∇𝜌𝑐  (6-3) 
     where J  is the electric current density, E⃗  is the electric field intensity, u⃗  is the gas 
velocity, ε is the gas permittivity, 𝜇𝑒 is the mobility of ions and 𝐷 is the ions diffusion 
coefficient. The current density must satisfy the charge conservation equation: 
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     So, the problem of the corona discharge is governed by two partial differential equations 
with unknown electric potential and space charge density. The boundary conditions for the 
potential are straightforward: a given AC electric potential (Vap) on the corona electrode 
and zero potential on the grounded plane [9]. However, formulation of proper boundary 
conditions for the space charge density is not so easy because the ionization layer has been 
neglected. One possible approach is to use Kaptzov’s hypothesis which assumes that when 
the corona discharge occurs at some point on the electrode, the electric field at this point 
remains at the corona onset value. Peek’s equation is used to find the onset level in air [21]: 
𝐸0 = 3.1 × 10
6 (1 +
0.308
√𝑅
) [
𝑉
𝑚
] 
(6-5) 
     where R is the electrode radius in cm.  
     The initial value for the space charge density has to be guessed or taken from the 
previous solution. After the problem is solved, the electric field on the electrode surface is 
compared with Peek’s value and the electric charge updated. The following formula has 
been used to update the space charge density on the surface of corona electrode [21]: 
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𝜌𝑐
𝑛𝑒𝑤 = 𝜌𝑐
𝑜𝑙𝑑 + 𝛽(𝐸 − 𝐸0) (6-6) 
     where β is an experimentally found constant and E is the actual value of the electric 
field. 
     An important point in simulating DBD is to include surface charge accumulation on the 
dielectric surface. This surface charge produces a field directed against the electric field 
produced by the voltage source to an extent that the ionization eventually stops. Actually, 
the surface charge accumulation plays a controlling role for the self-limiting feature of 
DBD preventing transition from a corona to a spark discharge. According to Maxwell 
equations, the tangential and normal components of the electrical intensity and electrical 
displacement at the interface between air and dielectric material must satisfy the following 
conditions [22]: 
  0

ad EEn  (6-7) 
  sad DDn 

 (6-8) 
     In the above equations, s is the accumulated surface charge density, and the subscripts 
d and a, correspond to dielectric or air. The time derivative of surface charge density is 
related to the normal current density [23]: 




Jn
t
s  (6-9) 
     The current density J  is defined in Eq. (6.3), so, the surface charge accumulation can be 
calculated as: 
  0CdtJns  (6-10) 
     The integral form of the surface charge density on the dielectric is a superposition of 
the charge added at a given time steps and C0, which defines the total charge accumulated 
in previous time steps.  
125 
 
6.3 Numerical algorithm 
The processes occurring in the dielectric barrier discharge during a cycle of AC voltage are 
more complicated than that for a corona discharge. By applying an electric field larger than 
the breakdown field local ionization occurs, which initiates the electric current in the 
domain. During the positive half cycle the positive ions will accumulate on the dielectric 
surface. So, the total electric field intensity is a combination of the electric field produced 
by the voltage source and the field produced by the space charge collected on the dielectric 
surface. As the discharge progresses, the charge accumulated on the dielectric surface 
reduces the local electric field to such an extent that ionization stops and the current is 
quenched. When the sign of the applied voltage reverses, the electric field due to external 
voltage is reinforced due to the surface charge accumulation. This enhanced field at the 
beginning of the new half cycle initiates a current in the opposite direction, which transfers 
negative charge to the dielectric surface. The process continues until the opposing field due 
to the built up surface charge once again extinguishes the ionic current across the gap [23].  
     Following this description, an iterative numerical algorithm based on a single species 
model for the boundary layer control simulation has been developed. The simulation starts 
from some initial guess of the space charge density, air velocity components and then the 
conventional FEM procedure is employed to obtain the Poisson component of the electric 
potential. For the charge transport model a partial differential equation is solved, but an 
artificial diffusion has been added to obtain a stable algorithm. After calculating the 
potential distribution, the electric field is calculated by differentiating the potential 
distribution. Using the values of calculated electric field, the new charge density 
distribution is obtained. This process continues and the iterative algorithm also updates the 
injected charge density on the corona electrode surface until the electric field values are 
sufficiently close to Peek’s value. After convergence is reached in the corona simulation 
program, the body force is calculated and substituted in Eq. (6.1) for the airflow simulation. 
This equation is again solved iteratively and when the residuals of both of the velocity 
components, the turbulence kinetic energy and its rate of dissipation satisfy certain 
minimum conditions the airflow simulation process is terminated. At this point, the new 
values for velocity components need to be entered into the charge continuity equation and 
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the whole process will continue to the point that all variables satisfy a certain error criterion. 
The calculations can provide detailed information on the local electrical parameters of the 
electric discharge, including the space charge density, the current density, the electric field, 
the potential distribution and the consumed power. Moreover, the mechanical parameters 
of the airflow, such as velocity, the pressure distributions and drag force can also be 
calculated.  
      It should be noted that the electric field varies strongly in both space and time. Near 
the discharge electrode the electric field variation is particularly steep, which demands a 
very fine spatial mesh, while in the remaining region the electric field is more uniform. A 
non-uniform spatial mesh is therefore essential for an accurate numerical treatment.  
6.4  Results and discussion 
All simulations have been performed for a single surface DBD actuator immersed in air at 
atmospheric pressure.  The most important issue in the simulation that needed to be tackled 
is the different timescale involved in the electrical and fluid flow models. The time scale 
suitable for the simulation of the plasma actuator is defined by the period of the AC cycle 
that drives the alternating current discharge. This time scale is on the order of 1ms, which 
is approximately 10 times smaller than the time scale of the movements of the neutral fluid 
responding to the plasma actuator, which is on the order of 10ms. It means that the electrical 
part of the model reaches its quasi-steady-state much faster than the mechanical part, but 
the model should run up to the point that the mechanical error in two consecutive time step 
reaches a reasonably small value. Following this description the results of the numerical 
model are shown below. 
6.4.1 Electric field intensity 
Figure 6.2 shows the distribution of the electric field intensity at the tip of the exposed 
electrode with and without the effect of accumulated charges in space and on the surface 
of the dielectric.  
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Figure 6.2: Electric field intensity on the tip of exposed electrode with (Poissonian model) and 
without (Laplacian model) the effect of the charge accumulated in air and dielectric surface 
     Two observations are dominant in Figure 6.2. First, the electric field is distorted due to 
effect of injected space charge from the tip of the exposed electrode and the accumulated 
surface charge on the dielectric. Thus, the electric field intensity reaches the value above 
Peek’s value just after the voltage zero crossing. The second observation relates to the 
value of the maximum electric field intensity on the exposed electrode’s tip. The iterative 
algorithm used modifies the injected charge and the iterations are terminated when the 
difference between both fields reaches an assumed value. So, the electric field magnitude 
is pretty close to Peek’s value equal to 1.73 × 107(𝑉 𝑚⁄ ), over a longer time interval.  
6.4.2 Electric current 
Typical voltage and current waveforms are presented in Figure 6.3 assuming a frequency 
of 1kHz and amplitude of 15kV. In this study, a formula for the discharge current for a 
general electrode geometry is derived from the energy balance equation. With a few 
simplifications the current equation can be calculated as [24]: 
 
𝐼 =  
1
𝑉𝑎𝑝
∬(𝜇𝑒,𝑝𝜌𝑐,𝑝 − 𝜇𝑒,𝑛𝜌𝑐,𝑛)?⃗? ∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑠 +
𝜀
𝑉𝑎𝑝
∬
𝜕𝐸𝑠⃗⃗⃗⃗ 
𝜕𝑡
∙ 𝐸𝑠⃗⃗⃗⃗ 𝑑𝑠  [𝐴/𝑚] 
(6-11) 
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     As already mentioned, in this model the effect of the electrons has been neglected, but 
in order to make the model as accurate as possible two factors were adjusted in the  positive 
and negative half cycles: the mobility of the ions and Peek’s value. The mobility of the 
negative ions in this study is assumed 2.5 × 10−4(m2 V. s⁄ ), which is slightly higher than 
the positive ions with 2.2 × 10−4(m2 V. s⁄ ) mobility. The Peek’s value for the negative 
ions is taken equal to 1.6× 107(V m⁄ )  and so is slightly lower for negative ions compare 
to positive ions. Even though these changes in the physics are very small, they result is a 
visible difference in positive and negative current.   
     The conduction current is shown in Figure 6.3 below with the electrostatic displacement 
current neglected. 
 
Figure 6.3: Voltage (kV) and current (mA/m) waveforms in DBD 
     As shown in Figure 6.3, the electric charge accumulated on the dielectric surface has a 
choking effect on the current waveform and the current is not in phase with the applied 
voltage.  
6.4.3 Flow velocity 
In order to study the DBD effect, the velocity profile for an inlet velocity equal to 1m/s is 
shown in Figure 6.4 for systems with and without discharge. The effect of the DBD 
generated EHD flow on the air flow in the boundary layer is clearly visible: the velocity 
profile in the boundary layer of the airflow is enhanced. Due to this effect, momentum is 
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injected in the boundary layer. However, for higher input velocities the profile it was found 
that the DBD discharge had less influence and showed a smaller effect. This can be 
explained by the fact that the discharge energy is almost constant for different air velocities, 
while the energy of the airflow in these regions increases with its velocity. 
 
Figure 6.4: Velocity profile along a direction normal to the surface at x=10mm ahead of the exposed 
electrode 
     Figure 6.5 shows the effect of the DBD generated EHD flow on the air flow in the 
boundary layer. The velocity streamlines are attracted towards the surface and form a wall 
jet. Depending on the geometry and the configuration of the electrodes, the DBD can 
contribute up to few meters per second to the velocity profile enhancement. 
  
Figure 6.5: Velocity distribution around the object without (left) and with EHD flow (right) 
      Velocity profiles above a DBD actuator for different x values are shown in Figure 6.6. 
The higher velocity is reached at x closer to the exposed electrode. Away from the 
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discharge electrode the value of the maximum velocity decreases, but the point of 
maximum moves farther from the wall. 
 
Figure 6.6: Velocity profiles above the DBD actuator for different distances from the discharge 
electrode 
     Time evolution of the horizontal component of the air velocity (u) is presented in Figure 
6.7 for two different positions. 
 
Figure 6.7: Time evolution of the x velocity component 
     The following can be observed from the calculated distributions: 
 A pulsed induced air flow is generated at the same frequency as the frequency of 
high voltage. 
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 Velocity fluctuations disappear at larger distances from the discharge electrode and 
the horizontal velocity stabilizes around a mean value. 
 The velocity profile stabilizes after around ten cycles of the voltage period.  
6.4.4 Force calculation 
The total force acting on the air flow in the boundary layer resulted from the corona 
discharge is an important parameter of the actuator. This force is the sum of the frictional 
drag force and the body force produced by the DBD system. For low-viscosity fluids the 
total force per unit length is equal to [25]: 
 mNdyUUUF 

 
0
)(  (6-12) 
     Figure 6.8 shows the total force over the flat plate for different input velocity levels. 
Simulation results confirm the reduction of the total force for the velocity levels up to a 
few meters per second. Moreover, it was found that for the velocities up to some critical 
value, equal to 2.15m/s, the electrostatic force not only compensates for the effect of the 
drag force, but also changes the direction of the total force.  
 
Figure 6.8: Total force calculation at x=5 mm ahead of exposed electrode versus free airflow velocity 
𝐔∞ in absence and in presence of the DBD 
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6.4.5 Parametric study 
There are several geometrical and physical parameters that have strong effects on actuator 
performance. A parametric study of those features would be useful for optimized design of 
the system. In this study the system was analyzed for different voltage levels and 
frequencies, exposed electrode dimensions, grounded electrode width, and for different 
gaps between the electrodes.  
6.4.5.1 Voltage level 
The evolution of the velocity with the applied voltage for different frequencies is shown in 
Figure 6.9. At the same frequency by increasing the maximum input voltage, the current 
level is increases. Thus, the momentum electrically transferred to the fluid is larger, and, 
as a result, the maximum velocity in domain just ahead of the corona electrode reaches 
greater values.   
 
Figure 6.9: Evolution of the maximum induced air velocity with voltage magnitude and frequency 
     Likewise, at the same input voltage, higher frequency results in higher induced 
velocity in the domain. Figure 6.10 presents the maximum current versus the voltage 
amplitude for the three different frequencies modeled. It has been already proven [23] 
that by increasing the frequency the total charge in the domain is larger and so the 
maximum current level, consumed power and the maximum induced electrokinetic 
energy all increase.  
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Figure 6.10: Maximum current for different voltage magnitudes and frequencies 
     Another interesting result regarding the maximum applied voltage is related to the 
plasma region extension over the insulating surface. It has been already shown [13] that 
the maximum extent increases linearly with the voltage amplitude. This can be seen in 
Figure 6.11 which shows space charge density distribution of the plasma for three voltages 
at the same time. Here the plasma is more extended in both the horizontal and vertical 
directions at the higher input voltages.  
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Figure 6.11: Space charge density distribution (plasma extension) for different applied voltages 
6.4.5.2 Frequency 
Figure 6.12 shows the variation of the velocity at the same point for two different 
frequencies. It should be noted that at the lower frequency the velocity reaches its quasi-
stationary form after a smaller number of cycles, but the velocity fluctuations are much 
larger compared to that at the higher frequency. In addition as already discussed, the higher 
frequency results in a greater magnitude of the mean velocity. 
135 
 
 
Figure 6.12: Velocity evolution at the same point for two different frequencies of the applied voltage 
     Figure 6.13 shows how the fluctuation in the velocity changes with the frequency 
for several values of voltage. For all cases after increasing the voltage frequency the 
fluctuation level decreases. The reason for this behavior results from the fact that at 
higher frequencies, the intervals during which the ions are injected to the domain are 
shorter, and ions do not have enough time to accumulate on the insulator surface. Thus, 
the body force, which is the product of the charge density and field intensity, at higher 
frequencies is more stable compared to that at the lower frequencies.        
 
Figure 6.13: Normalized fluctuation level for different frequency levels 
6.4.5.3 Exposed electrode thickness 
One of the major geometrical parameters, which affect the actuator performance, is the 
exposed electrode thickness. By increasing the radius of curvature of the corona electrode 
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edge, based on Eq.(6.5) the value for Peek’s value gets smaller. Meantime, the local electric 
field around the corona electrode would be smaller.  So, for the same level of input voltage, 
space charge density would be smaller for larger radii of the exposed electrode since less 
charge is needed to satisfy Kaptzov hypothesis on the corona wire. In order to illustrate 
this, Figure 6.14 shows the space charge density distribution for the basic case, and the new 
model with an exposed electrode with 0.08mm radii.  
  
Figure 6.14: Plasma extension (space charge density) for two different radii of the exposed electrode 
(left) 0.04mm, (right) 0.08mm 
As shown in Figure 6.14, the plasma extension in both the horizontal and vertical direction 
is larger for the smaller radii of curvature. Figure 6.15 shows the velocity fluctuation for 
these two cases at a point 5mm ahead of the exposed electrode. 
 
Figure 6.15: Velocity evolution at the same point for two different radii of the exposed electrode 
     Also, a thinner exposed electrode results in a larger velocity, since both the electric field 
intensity and space charge density have greater values. As a result, the body force would 
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be greater in the thinner electrode case. However, for a thicker electrode the velocity pattern 
is smoother. Generally, it can be said that a thinner exposed electrode produces stronger 
impact in the air moving above the wall at the same level of input voltage. Meantime, by 
choosing a thinner electrode we can minimize the disturbance of the corona electrode on 
moving air, when the system is not working.  
6.4.5.4 Grounded electrode width 
Figure 6.16 shows the velocity profile extension for two different widths of the grounded 
electrode. It has been found that the velocity profile extends up to the rightmost point of 
the grounded electrode on the surface. Beyond that, the effect of the DBD disappears. 
  
Figure 6.16: The effect of DBD on boundary layer for 15mm (left), and 10mm (right) electrode width 
     However, since the distance between the tip of the exposed electrode and the 
grounded electrode is constant, the onset voltage level, and consequently the maximum 
current, is the same for both cases. Therefore, almost the same level of the electric 
energy is transferred to the air, which will reduce the maximum velocity. This is 
confirmed by the results in Figure 6.17, where, the maximum velocity in the domain 
for different cases is shown: the narrower the grounded electrode, the greater the 
velocity magnitude. 
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Figure 6.17: Maximum velocity for different widths of the ground electrode 
6.5 Conclusions 
The DBD has been shown to have a significant effect on the velocity profile in the boundary 
layer, even for small values of electrical power consumption. The following conclusions 
follow from the performed simulations: 
 Single species model provides the results, which agree with experimental data 
published in literature. 
 The DBD system results in drag reduction for air velocities, which correspond to 
the glow discharge regime. 
 The extent and magnitude of the velocity profile depends on the configuration of 
the system. Both the exposed and grounded electrode have an impact on the 
velocity extension: a thinner exposed electrode results in greater velocity 
magnitude with larger fluctuations. The wider the grounded electrode, the longer 
the velocity profile, but with a smaller magnitude. 
 Higher frequencies show better actuator performance with less velocity 
fluctuations. 
 Frequency seems to have the strong effect on controlling the fluctuation level. By 
increasing the frequency, at every level of the input voltage, the fluctuation can be 
eliminated, or at least reduced. 
 Both higher voltage and higher frequency result in higher current level and 
consequently higher velocity magnitude. 
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 The maximum velocity is almost a linear function of the voltage, while the 
maximum current is a square function of the voltage. 
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Chapter 7  
7 Conclusions and Future Study 
7.1 Conclusions 
This chapter presents the summary and conclusions from the studies reported in this thesis 
related to the secondary EHD flow generated by the corona and dielectric barrier 
discharges. It also makes recommendations for possible future work. 
     In this thesis, a series of problems dealing with DC positive corona discharge and 
dielectric barrier discharge in air were simulated under quasi stationary conditions. The 
effect of electrostatic forces on various fluid dynamics problems in gaseous media was 
investigated. In order to make the models computationally time effective, a comprehensive 
FEM based technique including all the essential phenomena involved in the problems was 
developed. This single species discharge model is capable to solve the Poisson equation in 
order to calculate the electric field and potential distribution, charge transport equation to 
calculate the charge distribution in domain, and momentum equation to calculate the air 
velocity distribution in a fully coupled algorithm. Different steps in the FEM algorithm 
were mathematically explained and formulated. One of the main contributions of this study 
is to provide a numerical algorithm to predict the level of injected charge density to the 
domain based on the voltage level. Series of coefficient have been specified and the best 
fit would be selected, based on the voltage level and the maximum applied voltage. This 
algorithm gives us a real time monitoring of the injected charge to the system. A non-
uniform discretization of the domain was considered, where the elements in the vicinity of 
the discharge electrode were much finer than in the other areas. It is important that for such 
a complicated geometry a distributed mesh was used.    
7.1.1 Single-Species Model of Dielectric Barrier Discharge 
A key feature in the modeling of DBD is to include the accumulation of charges on the 
dielectric surface. The electric circuit models with the combination of capacitive and 
resistive elements are commonly used for modeling the DBD. Those elements are time-
dependent, and the difficulty of defining them prevents extensive application of such 
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models. Beside, in many cases empirical calibration is needed, and a significant concern 
arises in the implementation of each of these models when extrapolating to new geometries 
that are different from the ones in which the calibration was performed. 
In order to solve those issues, a 2D FEM single species model was proposed for modelling 
the dielectric barrier discharge without any geometrical or physical calibration. This model 
confirmed that a single species model was capable of successfully modeling the DBD. In 
this model, the ionization layer was completely disregarded. The behaviour of the total 
corona current and space charge density under the AC voltage was studied. Kaptzov's 
hypothesis was used as a supplementary boundary condition for calculating the charge 
density in the whole air gap and on the surface of the corona electrode.  
     It was shown that the numerical model for the dielectric barrier discharge is similar to 
that for the corona discharge with just one additional boundary condition on the dielectric 
material in order to include the effect of surface charge accumulation.      
     Two observations are dominant in the electric field distribution: horizontal zero crossing 
distortion due to effect of injected space charge from the tip of the needle and the 
accumulated surface charge on the dielectric, and the other one about the maximum electric 
field intensity on the needle’s tip which is going to be around Peek's value for all the points 
participating in charge injection. 
     The time evolution of the space charge density and surface charge accumulation were 
shown. The shapes of charge clouds at different time instants and for different applied 
voltages were presented. 
     The effect of different parameters such as frequency and the magnitude of applied 
voltage on the DBD characteristics, like the average current, were investigated.  
     It was found that the current changes parabolic and the space charge almost linearly as 
the voltage increased above the onset level.  
     At the fixed voltage, by increasing the frequency, the current level increases due to the 
fact that transition time from positive cycle to negative cycle gets smaller and clouds of 
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both positive and negative ions are formed. However, the net charge in whole domain is 
smaller at higher frequencies, because at lower frequencies ions with the same polarity are 
dominant in a half cycle, and starting from following cycle almost all the ions are settled 
on the dielectric layer. 
     At higher frequencies, the ion transition time from the discharge electrode to the 
dielectric surface can be longer that the voltage period, therefore, at some points of the air 
gap there are still charges of one polarity, when the charges of opposite polarity start to be 
injected from the needle which the main reason for clouds of ions formation.  
7.1.2 Wire-nonparallel plate electrohydrodynamic gas pump  
The 2D characteristics of the EHD flow patterns were studied in a wire-to-nonparallel plate 
EHD blower. The EHD flow body force was calculated from the corona discharge model 
and used in the flow velocity calculations. 
     The detailed distributions of all essential parameters for the electric and flow field were 
predicted. The effect of corona discharge electrode geometry and applied voltage on the 
corona discharge characteristics and EHD flow pattern was discussed. 
     An analogy was found between the EHD pump and an equivalent voltage source in 
order to capture the velocity vs. pressure characteristics of the pump, based on the short 
circuit and open circuit tests. 
     Mechanical power converted in the channel was found to be much smaller than the input 
electrical power, but the efficiency of the system increases by considering heavier ions with 
smaller mobilities. 
     For the assumed pump length and the vertical distance between corona wire and ground 
plates, an optimum wall angle of the pump for the maximum volumetric gas flow rate was 
found.  
     Due to the facts that the distance between the corona wire and the plate is constant and 
the plates are placed far enough from corona wire the current vs. voltage characteristics 
was found to have nearly the same for different plate angle. 
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7.1.3 Electrohydrodynamic Interactions in the Boundary Layer of Air 
Flows 
A 2D model to study the electromechanical interaction between the corona discharge and 
air flow over a flat plate for different angle of attack was developed. The major challenge 
in this model is to effectively capture the behavior of the space charge density without 
extensive modeling of the fundamental chemical reactions that occur. Thus, a single 
species model for a DC positive input voltage was presented.  
     The tangential body force acting on the gas is directed downstream and is created by 
the downstream motion of the positive ions. 
     The effect of voltage level on the velocity profile and the effect of external velocity on 
the discharge current were investigated. Velocity profiles within the boundary layer of the 
flat plate were predicted for air velocities up to 12m/s. For the velocities below this value 
the corona discharge is in the glow regime. In the case of free air velocity equal to zero, 
the ionic wind produced by the corona reaches the value of about 2.5m/s.       
     The equation for the total force on the air in the boundary layer including the effect of 
the electrostatic body force was developed. Regardless of the current level, a consistent 
drag reduction has been shown for velocities up to 12m/s. 
     The efficiency of the system has been calculated by defining a control volume contour 
around the corona wire. Higher voltages at the same level of air stream velocity have a 
greater effect on the velocity profile close to the flat plate surface. However, higher applied 
voltages result in smaller efficiency levels. The efficiency has an inverse linear relation 
with the applied voltage since the relative effect of the corona discharge at higher velocities 
is smaller than at lower velocities.       
      For different angles of attack and in the absence of the DC discharge the air flow 
separates from the wall at the leading edge, forming a significant wake just above the flat 
plate. In the case of corona discharge, the airflow is reattached to the wall. This process 
modifies the laminar–turbulent transition inside the boundary layer and reduces the drag.  
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7.1.4 DBD plasma actuator for airflow control 
The major difference between the DBD and the surface corona discharge actuators is the 
presence of a dielectric barrier separating the anode and cathode in the former 
configuration. The dielectric barrier introduces a region of large electric breakdown 
strength, allowing for the application of larger potential differences and thus larger electric 
field intensities in the plasma region. In addition, the presence of the dielectric barrier 
increases the stability of the plasma, preventing a glow-to-arc transition at typical potentials 
for which this would occur on the surface corona discharge. 
     In this study, a new DBD plasma actuator model has been proposed which relies upon 
several significant modifications to the existing models. These modifications include a new 
criterion to evaluate the electric field strength required for plasma ignition, an accurate 
model for including the electrostatic body force based on real time variation of charge 
distribution, a new integrative approach to calculating the surface charge density on the 
dielectric barrier, complete reformulation of the discharge current with different onset 
levels and mobilities for positive and negative ions. Meantime, the displacement current 
has been included in current calculation.  
     The mutual interaction between three fields: electrostatic, airflow and ion flow was 
taken into account. The developed DBD can be used for many different configurations. 
     This accurate model is capable of predicting the output of the actuator under variations 
in geometry, voltage, and frequency, and can alleviate the current trial-and-error design 
approach that is typically implemented. Furthermore, optimizing the performance of the 
plasma actuator is most easily achieved since the physics of the plasma is understood 
through an accurate model. 
     The effect of the applied voltage amplitude on the discharge characteristics was 
investigated. For this, the AC frequency was kept constant, and the amplitude of the applied 
voltage was varied. The total current from the plasma actuator was found to be a parabolic 
function of applied voltage, while the maximum velocity above the plate changes linearly 
with the applied voltage. It should be noted that the voltage versus maximum velocity 
variation might show different pattern based on the actuator geometry, especially the 
dielectric thickness, and the voltage range used in the study. 
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     A pulsed induced air flow is generated with double the frequency of the input voltage. 
Velocity fluctuations disappear at larger distances from the discharge electrodes and the 
horizontal velocity stabilizes around a mean value. 
     The effect of the frequency of the applied AC voltage was also studied. It was found 
that the extent of the plasma over the dielectric surface depends on the AC frequency. 
Frequency seems to have a strong effect on the velocity fluctuation level. Also the driving 
frequency controls how many times the plasma is ignited within a specific time period. 
     By increasing the frequency, at every level of the input voltage, the fluctuation can be 
eliminated, or at least reduced. Higher frequencies show better actuator performance with 
less velocity fluctuations. 
     It was found that the extent and magnitude of the velocity profile depends on the 
configuration of the system. Geometry of both the exposed and grounded electrode has an 
impact on the velocity extension. 
7.2 Recommendations for Future Study 
It is believed that the research reported in this thesis answers some fundamental questions 
about EHD flow and effect of different parameters on this phenomenon, assuming 
complicated discharge electrode geometries. However, there are number of issues which 
deserve further investigation. 
7.2.1 Modeling  
The models presented in this work provide a step forward in predicting the characteristics 
of EHD systems, but further development efforts would be desired. Numerical models 
could be improved to include; a wide range of non-symmetric geometries, details of plasma 
formation, geometry optimization for maximum performance. 
7.2.2 Experimental studies 
A database of experimental setups and measurements could also be used to identify 
strengths of the discussed models which may be further implemented in different 
applications. 
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7.2.3 EHD pump design for cooling an electronic circuit  
One of the main applications of EHD pumps is in cooling of electronic circuits. As we 
know, to initiate and sustain a corona discharge process required in an EHD pump, the 
electric field in the area of ion creation must exceed the dielectric strength of air, which 
under standard conditions is approximately equal to three kilovolts per millimeter. For most 
practical devices, this requires an operating voltage greater than a kilovolt and often 
multiple kilovolts. As most electronic applications do not have an existing power source 
suitable to directly power an EHD air mover, a compact high voltage power supply must 
be included as part of the EHD system design. For compact applications, such as many 
consumer electronics, the development of small, efficient and low cost high voltage power 
supplies is essential. Such power supply devices are critical for commercial EHD 
applications. 
7.2.4 Sliding Discharge 
A relatively new design for plasma actuators is based on a sliding discharge. The concept 
is based on utilizing the AC DBD to weakly ionize the air, and then to superpose a DC 
electric field to establish a corona discharge between spatially separated electrodes. The 
DC component induces the sliding discharge. This design is based on the three-electrode 
geometry: two air-exposed electrodes flush mounted on the wall surface of a dielectric 
material (Electrodes 1 and 2) and another planar electrode on the other side of the dielectric 
wall (Electrode 3). The electrode placed below the dielectric may also be encapsulated in 
the dielectric wall. Electrodes 2 and 3 are connected together, and usually grounded, 
whereas Electrode 1 is excited. If Electrode 1 is excited by an AC HV, without a DC 
component, then there is a typical DBD between Electrodes 1 and 3. On the other hand, if 
one applies simultaneously a sufficient AC component to establish a DBD, plus a DC 
component sufficient to establish a typical corona between Electrodes 1 and 2, then a 
sliding discharge is produced. In fact, it seems that the DBD plays the role of ionizer around 
Electrode 1, and the DC component induces a sliding corona discharge between Electrodes 
1 and 3. The advantages of this concept are that large plasma sheets can be produced and 
the plasma is stable with no glow-to-arc transition, except when the DC component is 
above the DC breakdown limit for the air. 
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7.2.5 Different applications of plasma actuators 
There are an ever growing number of applications of DBD plasma actuators. New 
applications continue to appear as more investigators gain experience in using the concept 
of EHD actuator design. A partial list of these includes low-pressure turbine blade 
separation control, turbine tip-clearance flow control, unsteady vortex generation and 
control, and airfoil leading-edge separation control as well as boundary layer control. Study 
on real industrial applications and optimization of the EHD actuator for practical cases 
mentioned above looks a promising area for future work.  
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